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PROCEEDINGS OF 

THE ROYAL SOCIETY. 


SsCTJOy A. — MaTHSUATICAL and PEYaiCAL ScjSNCXa. 

The Zeeman Effect and ^herical Harmonics. 

By a Q. Darwin, F.B.S. 

(Rpcciveci March 23, 1927.) 

1 . The chief object of the present paper is to present a simple system of 
equations which are competent to determine the frequencies and intensities 
of the lines in the standard Zeeman effect. By the standard Zeeman effect 
is meant the type where the terms are given by Jjand^’s “. 9 ” and “y” 
formula), and where the multiplicity of the two sets of terms is the same. 
It will probably bo hold that the theory of such multiplets has been fairly 
completely understood for the last two years owing to the works of Sommerfeld, 
Heisenberg, Land4 and Pauli,* and the main new contribution of the present 
work is that, whereas these writers gave formulae valid only either in weak 
or strong field (except for doublets, where Heisenberg and Jotdanf give the 
value for any strength), here we have complete formulae from which the intensity 
of any component in any strength of field can bo obtained merely from the 
solution of rather simple algebraic equations. 

The proper attack on this problem would undoubtedly be by way of the recent 
work of Heisenberg^ on the helium spectrum, and his still more recent work 
on complex spectra ; but this theory i.s still in the making, so that it has not 
been practicable to apply it here, and to this extent our results are unverified. 
Their validity rests firstly on a complete verification of all known facts connected 
with both weak and strong fields (and intermediate fields for doublets), and 
also on a conformity with the general features of wave mechanics. The work 
of Heisenberg and Jordan could readily have been adapted to give all the results 
of the present paper; but it would have been harder to follow because the matrix 
methods are not so easy for most readers as are spherical harmonics. 

If the wave mechanics are applied to a rotating body, in the formulation as 
originally given by Schrddinger, they lead to rotations wltich must have integers 
* See for instanoe Andrade,' The Steuoture oC the Atom,’ 3td edition, Chi^tter XV. 
t ‘Z. f. Physik,’ vol. 37. p. 263 (1926). 
t ‘Z. f. Physik,’ vol. 39. p. 499 (1926); vol. 41. p. 239 (1927). 

VOL. OXV.—A 



2 


C. G. Darwin. 


for their quantumnumbers, and bo are not directly applioable for the bait quantum 
number that the spinning electron requires. If nevertheless we persist in the 
calculation of the problem of the spinning electron, we are led to a system of 
equations which exactly corresponds to the standard triplet. This fact furnished 
the starting point of the present investigation. A rotating body moving in 
an orbit can be made to give the complete system of any odd multiplicity. 

For oven multiplicities this is not so, since they seem to require solutions 
of the wave equation which are inadmissible if the characteristic functions 
are to be one-valued. This is certainly a severe difficulty; a tentative way 
of meeting it has been suggested by Heisenberg, London,* and Dennison,! 
in proposing that | ({;* | is the quantity that should be one-valued. This 
certainly permits of what we may call haU-harmonics for the rotating body, 
but it may be doubted if the matter ends there, for we have no assigned reason 
why these half-harmonics should not also apply for the revolution of the electron 
about the nucleus, and so such a rule at any rate wants safeguarding in order 
to ensure that the orbital motion shall always be of whole harmonic type, 
for otherwise the Balmer series would have members in K/(a -{- ^)*. In fact 
the proposed modification implies that Schrbdinger’s principle is inadequate 
to decide between two sets of alternatives as the permissible states of a mechanical 
system. It is not our intention to enter into this matter, and we can deal 
with even multiplicities without doing so to a considerable extent, for when 
the equations as determined for odd multiplicities are set down it appears that 
they are also applicable in every respect for even, the only change being 
not from whole to half munbers, but merely from even numbers to odd.! 

Wo shall therefore give a development of the theory of an avowedly rather 
crude model, taking as its justification the fact that it gives all the obeetved 
results. The development of the work goes in the form of tesseral spherical 
harmonics, and this is an essentially anisotropic procedure. The consequence 
is that one of the laws of spectra—^the law of combination of the quantum 
number j —^is rather concealed. In §7 we sketch a different development 
which brings out the meaning olj with full force. 

* ‘ Z. f. Phyuk,’ Tol. 40, p. 103 (1026), footnote on p. 200. 

t ‘Natura,’ vol. 110, p. 316 (1027). 

! [Aided April, 1027.—Since writing the paper I have had theadvairtage of dtaeanring 
‘'haU-hannonioB” with Dr. Dennison. By making an faungnificant atteratkm in the 
definition of the function * (incorporated in the text) the present work is dinotly 
ap^kable to even multiplicities, when r, « and f are aimuHaneonaily’ all half-nnmben. 
But the questions raised above remain outstanding and the rnsthod of {7 is still not 
aveileble.] 
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2. Our Biodel consuta of a charged apinning aphmcal body moTing in a 
central field of force. Let —c, m, be the charge and maas, x, y, z the poaition 
of the centre, and V(f) the potential energy at diatance t. Then the motion 
of leindntion contributea terma 

4-^ 4- a*) + eV (r) 

to the Lagtangian function. Next take a aet of Eulerian anglea x> % (<'* und 
let the moment of inertia be I. Thia gtvea a contribution 

il (j? + X* + |x + 2xii COB x) = il (w,* + <>>,• + «,*), 
where ( 4 a, co, are the componenta of apin about x, y, x. For an iaotropic 
body it ia posaible to drop one of the three co-ordinatea (p), but perhapa the 
moat convincing way of aeeing this is to carry through the work without doing 
80, and to ahow that in fact it has no effect. Next we have the contribution 
arising from the magnetic field H along a. The orbital motion gives a con* 

• • c • • • c 

tribution — H — {xff — xy). The apm gives — HI — «*>, when we take elmc 
2c * me 

for the ratio of magnetic moment to mechanical momentum, the hypothesis of 

Uhlenbeck and Goudsmit. Ijastly, we have the interaction of the spin and the 

motion. The electric force has components — V' (x/f), etc,, so that according to 

Uhlenbeck and Goudsmit we should take a term 

e V' 

— I ^ — {w, (y* — »*) + — ix) -f 4 J,(xy — xy )}. 


Thia overlooks Thomas’s correction, but as we do not intend to study the absolute 
value of the multiplet separation, we shall simply take the outside factor as 
-ImU{r). 

We take all these terms together and convert into Hamiltonian form, neglect* 
ing the squares ofthe last two terms. Theresult, expressed in polar co-ordinates 
r, e, ia 


rP**) 


eV 


2 m r* sin* 0^*' 

+ £(F. + 2P0 


+ U(f)'^(— P.ain^ — P 40 ot 6 oo 8 4 )^~Px®*“ ^ ^ 

+ (P. cos ^ - P^cot esin (p* COB X -f x) + P^P^J 

( 2 . 1 ) 
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The next stage is to form the wave equation. In doing so it is not of oouise 

A3 

sufficient just to write P# = , etc., but the variational method of SchrSd- 

2 m 00 

inger provides an unambiguous answer. The method is not strictly applicable 

A 0 

for the linear terms in H, and for these we do vrrite ^ , etc. (it has 

27n 

been shown by Epstein* how the external magnetic field can be replaced by 
an electric current so as to make them quadratic). The result is 




1 3 fi 3 . 1 3* 

f* ^ 

a* 


StAw ISf® ^ f Bf 

A* / I 9- 9,l/0*a* „ 


Stt^I Isin X 3x ^ X 

+ i«Lf 8 + 2 9U 

^ iimoi'^ tiy.1 


9x0(1 


h 


■eV«J( 


a 

ixL3{i 


cos 


U) 


'“■“H'fe -' ■■srx[i - *a])+^8^}+• 

(M) 


+ c 


3. We have to find the characteristic values and functions for this equation, 
and must start with the nul approximation which disregards the small terms. 
The orbital motion is solved by 

W = = A (f) P: (cos 6) e-* (3.1) 

—^the degeneracy in k that occurs in the hydrogen spectrum will not arise unless 
V(r) is of the form 1 /r. The last two factors are the ordinary tesseral spherical 
harmonics, but it is rather convenient to make a slightly unusual definition 
for Pit ; it is one which could advantageously be introduced generally. We 
define 

»(*-«) I (8.2) 

This is the usual form multiplied by (A — u)! but the definition holds for 
negative values of u as well as positive, and the values are symmetrical about 
u sero. u admits of all integral values between —A and A inclusive. The 
advantage of the introduction of the extra factor (A — u) I is that all the 
scales of relation, etc., hold valid running right through u = 0, which is not 


* ' Proc. Nat. Aoad./ vol. 12, p. 634 (1326). 
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the case if it is omitted. We have not normalised the functions; indeed it is 
hardly ever an advantage to do so except in general theorems. 

The following easily proved relations will bo used later. 


— i cot 0 P' (cos 0) = (h + n) Pj " 

+ » cot 0 P]J. (cos 6)6*"* = — (h — u) I** 


(8.3) 


Note that those relations automatically bar expressions like Pt '' ^ and. 
PI*'*. We also have the normalizing relation 


sin | P? (cos 6)c**^ j® — {h + «) I (A — «)! (3.4) 

and the orthogonal relation 

sin OdOd^pr (cos 0) c’"*P*j (cos 0) c“‘"* ~ 0 

unless both A' ~ A and u' ^ u. Further if X stands for either sin 0e~'^, coa 0 
or sin Oe^ 

£|*"sin md^Py*PU '“^.X 


vanishes always unless A' — A !• ff A' = A — 1, the only integrals of this 
type that do not vanish are 


jj^’sin eded^Pr• P: Iic~“" ~ ■ sin Oc"'* = 
fj%in 0d0d^P:e*'*P:_ie’"'* cos 0 = 
£{^6in 8ddd^P?s‘^p;!}s-<«+«*8in0s^= 


4re(A 4- u)l (A — u)l'| 


(2A+1)(2A-1) 

47C (A 4*») 1 (A — «)! 
(2A H- 1) (2A - 1) 


> (3.6) 


47t(A4'M)l(A—«)! 

(2A+1)(2A-1) J 


The wave equation for a rotating body with two equal moments has been 
Kdved by Reushe* and shown to depend on hypergeometrio functions. We 
hue have a specially simple case on account of the equality of all the moments, 
but the solution is praotioally the same. We give it in a form which shows the 

close resemblance of the charaoteristio functions to spherical harmonios. The 

u 

bhaiaoteiistic values are W =» r (r + 1) with r ss 0,1, 2. . . . , and the 
« ' Z. f. Fhyrik.' voi. 39, p. 444 (1926), 
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associated functions are P^’* (cos y) e*<**+W where Pj’* (s) satisfies the 
equation 

+[,(,+,)- » . Yf^] p=o. 

We take as the solution, 

p-' (z) = (r - »)! (1 - (1 + z)'*-* (1 + *r'- (3.6) 

Both « and t admit of all integral values between — r and r inclusive, and the 
definition applies for both positive and negative values.* 

If t ss: 0, P^' *’ = ( - 2)' r! P^. The following relations are easily proved 

~ cosx^) j P;'‘(co8x)«““‘^^’ = (f+«)P^‘’‘(cosx)e“^''’^‘, 

['ax ~ 8i^(^ ~ =* -(r-«)p;+‘'‘(cosx)«““+^* 

(3.7) 

We shall also require the normalising relation 

|olo Jo ^ dxdX <i(t 1 Pj' ‘ (cos x) c*‘**+^* |* 

= (»■ + «)I(»'-<)I(»’ + 0 ! (3.8) 

4 . We now merely have to follow Schrodinger’s method of approximation 
as applied to nearly degenerate systems. Write 

C =/«*(••)P:(co 8 0)e-*P';'(cosx)c''«+H 

Then in (2.2) 

= »(»* -I- 2*) 

and 

+ ® sjjd; ~ “"XI;)) + C 

= - (t - ») (r + .) •ir-"" _ (i + ,)(, _ ,) -I— 

Any characteristic function is approximately of the form 

U,§ 

Strictly speaking there should also be a subscript t in a„t and a summation 

* [Adiedmproef. —^11u8definHkmappUe8aiaowhfliir««aiid(arehalf nmubets, aadtys 
extends the work to even multiplioities, though of course in these oases the oharacteristio 
funotkms are double-valued.] 
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for /, but we shall soon see that this is unnecessary. The summations for u 
and H are restricted to values where both 1 ] '<^ A: and j s ] r. 

Let the associated energy be 

vv« W.fc + ~r(f + l) + w. 

Substituting in (2.2) we getf 


1 (« + 2s) 
u, ii 47W/1C»/.« 


+ ^U (r) So.. [{k - u) (r + «) M* !“ ») (r - «) +2i«C]- 


Multiply by <{'•>*»* O’Hd integrate over the whole co-ordinate apace. We 

cHA 

write u = --so that w is the normal Zeeman effect in energy iinita. Also 

47rffic ^ 

put 

P - 15 U('‘) {Uir)rr»drl^{f^(r))^ r^dr. 

^ is the constant of the multiplct separation. Then we have 
Wa„ = <u (m -I- 2.-f) «„ + (3 [(A — « -1- I) (r + » |- 1 ),41 

- 1 - (A- + H -1- 1 ) (r — .«( I- 1 ) o,,-h 2im,J. (4.1) 
This system of difference equations is that which gives the term levels in the 
Zeeman effect. 

The equation (4.1) contains no mention of t, and if t hod been added as a 
subscript to a«, we should have obtained identically the same system of equa¬ 
tions in OwM for each value of I. These would all give the same levels and 
same o-ratios, though the characteristic functions would have a very different 
appearance. We shall see later that this difference is without effect on inten¬ 
sities as well as levels. The apparent complication is only due to the possi¬ 
bility of choosing any arbitrary radius of the sphere as pole for the Eulerian 


The fact which simplifies the problem to manageable proportions is that 
when all equations of this type are set down they &11 into “ chains ” of equations, 
in.eaoh chain the only a’s that occur have the sum of their two subscripts 
a constant, which is in fact the m of the term (while the u and « are the quantities 
which in a strong field are called and m,). Examples ace given below. 

t In this formula r is used in two senses, as the radius in U (r) and elsewhere as a 
quantum number. It would came more confusion to alter one of the symbols then to 
retain this amUgnity. 
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ISach chain gives a determinantal equation of which the roots ate the W’s of 
the associated levels. We label each of these with an index j (the reason for 
choice of particular numbers for j only appears later), and then determine the 
ratios of all the a’s for each j. Before exhibiting this and proving its correct¬ 
ness, we shall, however, return to the model and work out intensities. 

Schrodinger has shown how this is to be done. Let ip, i|»' bo two character¬ 
istic functions, and X any component of electric moment. The associated 
intensity is 

i*. (4.2) 

whoro ia the complex quantity conjugate to the integrations being over 
the whole co-ordinate space. We shall here take the co-ordinates x, y, z of the 
centre of the body as determining the electric moment. Combining them in 
the appropriate way, wo have to consider the three quantities x + ly, 22, 
X — ijft or r sin 6 2r cos 0, r sin 0 corresponding respectively to 
Xr II, li, components. If we substitute in (4.2) any of our characteristic 
functions, the integration for the radius is always the same, so that it falls out 
of consideration as far as concerns relative intensity, and this is all we shall be 
concerned with. 

Take as our two states those with functions 


and 


s 






If wo multiply ^ by and integrate for (z and X, the only terms that will 
not vanish are those for which t' = t and s' = s. If then we multiply by, say, 
X = r sin the only terms that will not vanish are those for which w' = 
m — 1, and oven these will do so unless k' = k ±1 (see § 3). Similarly if we 
take X = 2r cos 0, we must have m' = m, fc' = jfc ± 1, and if X = r sin 
m' = w + 1> Jfc' ” ± 1. We thus have three formulae for intensity, of which 

the first is 

k’> I: — 1, w w — l,j/ 


J2 sin 




r/»', 


*• 


(4.3) 


The integratioii for (i gives a factor (r f) i (r — 0! by (8.8) in every term 
of both numerator and denominator. This bictor therefore canoela out, and 
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as the ratios of the o„,’s are not affected by t we see that the intensities of the 
lines, as well as their frequencies, are independent of it. This completes the 
proof of the statement in § 2 that (i, is without effect on the spectrum. Applying 
to (4.3) the integral formulas of § 3, and dropping certain constant factors, we 
have 

{S « jr+s) I (f-s) ! (t+m-s)! {k~m+$) l}' 

I I (r-s)! (i+m-s)! (k-m+s) ij X 

|s("m'l'i'i,.,)* O’-l-*) '• (r—») '• 2)! {k—m+s) ijj. (4.4) 

Tho other tw*o components are 

^ (>•+*) t (r-t )! (*+OT-s)! jk-m+s) ij* 

[{^ i*' I'*)' (*'“«) * (*+»»—«)! {k—m+») ij X 

(»■+*) > (*■—*) * (A+m-s-1)! {k—m+»~ 1) ijj (4,6) 
for the parallel component, and for the other perpendicular component, 

> (^~*) ^ (*+>»—«) I (^-W+a) ij* 

[{^ ,)• (»•+») I (»■-») • {k+m-s) I (k~m+s) ij X 

{s (o*;';!',. .)* (r+»)! (r-s)! (i+m-«)! (i-m+8-2) l}]. (4.6) 

These formulee give the intensities observed in a direction at right angles to the 
magnetic field, not the energies emitted. 

5 . The formulee (4.1) and (4.4, 6, 6) are all that is required for the oomidete 
statement of the standard Zeeman effect. Moreover, though our model fiiils, 
the equations derived from it are just as valid for even multiplicities as for odd. 
For these it is usual to use half quantum numbers, and it is interesting to observe 
that these l<aH numbers do not occur in the equations at all, but arise in much 
the same way as does the energy hv (n -4* in the problem of a linear vibrator. 
It is in fact quite easy to formulate the equations without any halves in them 
at all; it is only necessary to sacrifice symmetry in order to do so, but the 
statement of conditions becomes somewhat clumsy on account of end effects,” 
that is, cases where the chain of equations is shwter than it is in general. On 
this account it is best to malta use of half number suffixes for even multiplicities 
—the coefficients are still all integers. We now restate the rules for finding 
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the levels and intensities, then give examples, and finally outline the proof that 
our equations always lead to the observed results. 

Take A — 0, 1, 2 . . . for s, p, . . . 

r = 0, J, 1 . . . for singlets, doublets, triplets . . . 

Let u be any integer l)etween —k and k inclusive, and let # bo either an 
integer or half integer with r r + s is an integer) and — r < « r. 

Take any of the permitted values of n and and write down the equation 

“ fltt-i.-nP (* ■" + 1 ) (' + + 1 ) + L'V — P . 2 ms — CO (u + 2 s)] 

*“ (A + w + 1) (^ — « + 1) “ 

in which all the coefficients are integers, whatever r may be. Set down the 
corresponding equations in a«_i,#+i, and carry on in both directions 

until stopped by either of the conditions 1 m ] > fc or j s ] > r. The deter¬ 
minant of this systtsm of equations will give the values of W corresponding 
to fn^u + 8. If the roots are arranged in decreasing order of magnitude, 
the greatest will have j = k '*1- r, and the others are to be numbered by units 
downwards as far as the (hain goes, u and s are themselves and in 
strong fields. The intensity of a line is given by applying the formulse of § 4 
(and we may again note that all the coefficients are integers there). 

As it is easier to follow arithmetic than algebra, we shall give an example, 
and shall take k < r. To avoid having to write an enormous number of equa¬ 


tions we shall take the p-levels of the quartet system. 

Quartet system, p-tenns, ^ = 1, r = 3/2. 

The chains are 

(1) _ai,3/2LW--3 p-4a)] =0, 

(2) <h,9i% [W “• 3, w] — .2.1 =0, 

.1.3 + [W - p -- 2a)] - 0, 

(3) a-i.vz [W + 3 p — 2ci)] — (io,i/2P • 1 • 1 “0, 

— a^i,3/2p .2.3 -|- — ®i. -i/2p -2.2 — 0, 

<*0.1/2p -1-2 + «l,-l/2 [W^ + p] — 0, 

(4) [W + p] — Mo,-.i/2P •1*2 =0, 

— <*-1.1/8? .2.2 + <»0, -1/8 [W + «] — Oi, -8/2? .2.3 =0, 

— <*q.-l/2P.l-1 + <*i.-3/t[W^+3? + 2<I>] =0, 

( 6 ) a-i, - 1/2 [W — P + 2 a)] — Oo, - 8 / 2 P • 1 - 3 =0, 

*■ <*-i.-1/8? • 2.1 + <*0-a/8[W^+Sco] »0, 

(6) <*-i,-S/i [W — 3? + 4a)] sa 0. 
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If we form the determinant for each chain, we get an algebraic equation which 
determines one, two, or three of the levels, for any value of to: p. For the 
general case numerical solutions would have to be used; but if to is much 
greater than p, we can immediately see that all the levels are approximately 
multiples of to—^tho Paschen>Hack effect. Though our formulae are valid 
in all cases, general algebraic formulae are not easy to follow, and we therefore 
discuss the extreme cases, which were the only ones treated by earlier writers. 
To order the levels for weak fields wc approximate with to small. For example, 
the chain (2) gives, for m — 3/2 

(W ^ 3<o) (W - p - 2<o) = 6p2 

whence 

These solutions we label respectively j ^ 6/2, j = 3/2, according to our rule. 
Furthermore for no value of o are the roots equal, so that as co increases adia- 
baticaliy the roots cannot cross, and we can associate together the solutions 
in weak and strong fields. The first here becomes 3(o, the second 2co H' P* 
The following table shows the whole solution :— 


Chain. 

V weak. 

W Ntroiig. 

m. 

J- 

Weak fieIdH, *• 

a** ratios. 

1 


4w 4" 33 

5/2 

6/2 

1 




3/2 

5/2 

o 


3 

2 


2c* 4~ 3 

3/2 

3/2 

1 





2m 33 

1/2 

5/2 

1 

S 

3 

3 


w 

1/2 

3/2 

1 

1 

-2 


-W+J- 

- 3 

1/2 

1/2 

1 

-2 

1 


8/1-J- 

- 3 

1 

-1/2 

5/2 

3 

6 

1 


.. w 
"*•- 1 - 6 - 

— w 

-1/2 

3/2 

-2 

1 

1 

1 


- 2m-sn 

-1/8 

1/2 

I 

1 

-2 

1 
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Chain, 


W strong. 1 

m. 1 

B 

Weak fields, ratios. 


i2 

— ^ 

-3/2 

5/2 

3 

2 

r» 

1 


- 3» 

-3/2 

3/2 

-i 

1 

(i 

a 

f 

— 4u H 3j3 I 

-5/2 

5/2 

1 


It may bo well here to mention a few points about tbo chains which are not 
entirely obvious from the algebra, but which were in fact found most useful 
in constructing them. We can show that many of the coefficients are imme* 
diately determined simply by the existence of the chain type of equations. 
Take first the case oth > t. Then the first member of a chain will involve 
terms in Our (W— ...) and ao+i, ,-i, and the second in a„, Oh^.!, t-i (W — ...), 
Om+s, r-2< Now if the coefficients are to be algebraic, they must be such that 
if we put u = h we get a chain of one member, for the first equation is then 
reduced to the one term in air(W — It follows that in the second equation 

the coefficient of must contain a factor (k—u), in order that this equation 
may be satisfied identically for u = k. Similar considerations show that in 
the third equation the coefficient of must have a factor ib—u—1, in order 

that it may vanish identically for the case u ^ k — 1, which is required so 
as to give the two-member chain. The argument continues all down the chain 
and determines a factor for each member lying on one side of the diagonal. 
By attacking the chain from the lower end, and putting u s — k, etc., similar 
factors can be deduced for the other side of the diagonal. The other factors in 
r 4- s -f-1, etc., follow out of the consideration of cases where k < f, so that 
k and not r limits the length of the chain. This argument is of course not 
conclusive, but the process indicated was in fact found to be most useful in 
constructing the equations. 

Our example of the quartet p-terms has shown how the chains go for k < r. 
When k > r the corresponding arrangement of chains is rather similar. It 
starts with chains of 1, 2, 3 . . . members, increasing up to the maximum 
multiplicity, stays there, and then decreases back to 1. The y’s of the end 
chains go from k + r downwards; in the middle part they go down to k — r. 
Thus for example the chains of quartet d are of lengths 1, 2, 3, 4, 4, 3, 2,1 
members, while for quintet / they would be of 1, 2, 3, 4, 6, 6, 5, 4, 3, 2, 1 
members. 
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With a view to illustrating the matter further, and,also to calculating some 
intensities, we will give one of the four-chains of quartet d. Take that for 
which m I (and of course i = 2, r = 3/2) 

®-i.l[W + 3p—2ci)]—ao,jP.2.1 = 0, 

—o-i.jP* 3.3 +Oo,i[W —<i)J —ai,_jp.3.2 s= 0. 

~«o,iP*2.2 +®i.-j[W + p] — a2,_i^.4.3 = 0. 

—• 1 • 1 + <**,-5 [W -l-6p •+• w] = 0. 

For weak fields the roots are 

W = 6p + |a), + -6p + l<o. -9p. 

So as to give an example of the calculation of intensities, we may note that for 
the first solution {j = 7 /2) 

o_j.j = 4, ao,j = 18, oi,-j = 12, Oi,_} = 1. 

In applying the formula for intensities, we have to remember that they are all 
relative, so that we shall have to work out two. Now of the whole multiplet 
line—and this is true of all cases—^two members have specially simple behaviour, 
and these are the lines connecting respectively the two first and the two last 
chains, each of which has only one member. These lines behave as though 
the Zeeman effect had no anomaly; they keep their intensity constant, and 
their shift increases uniformly with the magnetic field according to the strict 
Larmor theorem. We shall call them the leading members of the multiplet. 
For quartet d the leading chain gives 

i =s 2, /• = i‘, in = 4 ,,/ = I, W = 6p + 6<o, 02 ,} = 1, 

BO the intensity of the leading member of the fd lines is 

{3! 0! 4! 0 !}*/ {3! 0! 4! 0!} {3! 0! 2 ! 0!} - 12. 

Compare with this the intensity in a weak field of the line 
i,2 ->l; i, 

Our formula gives 

{0-f 18.3.2! 11 2! 2! -f 12.6.1! 2! 3! II +1.1.0! 3! 4! 01}* 
-4.[{4* .8!0!1!3! + 18».2!1!2!2! +12* 1! 2! 3 ! 1! +1*. 0! 3! 4! 0!} 
x{3». 2! 1! 0! 2 ! +6*. 1! 2! 1! 1! +1* . 0! 3! 2! 0!}] =s V, 
t.s., 2/7 of the leading line. 

We will also verify an example of the fact that in weak fields lines involving 
j — 2 give no intensity, a result by no means obvious with the present 
metbod. Take the line 

jt l"* f; m, !-► — J. 
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We only need the numerator. It is 

{18 (- 2). 2 ! 1! 2! 2! +12.1 . 1! 2! 3! 1! + 1 .1.0! 3! 41 01}* 

= {- 288 + 144 + 144}* = 0. 

6. There are a good many end oases that would have to be treated to con¬ 
struct the complete proof that we have really got the standard multiplet. We 
shall, however, be content to treat here only of the “ complete ” chains, which 
are those where k'^r, while m <^k — r. The reader can deal with the other 
cases for himself by similar methods. 

Since the sum of the suffixes in a chain is alwa3rs the same, we shall drop one 
of them, retaining s, which for the case we consider runs from r to — r. We 
shall set down the chain for m. It is 

Or [W — P . 2r (wi — f) — «(m -h f)] — 0,_i P(Ai-|-»» — / -{-l).l asO 

— o, p 2r-l-a,_i {W—p (2r—2) (m —r-l-1) — ce 1)] 

— o,_j p(ife-f-«i — r-|-2).2 =0 


— o,+i P(l: — -t- s + 1 ) (/• + » + l) + o»[W — p . 2 *(m — s) — «(in-|-»)] 

--P(t-|->» — «-fl)(r — s + 1) =s0 

— o_,+i p (A: — »» — r + 1 ) . 1 -j- [W -{- p . 2 r (m -|- r) — u (i» — r)] =s 0 

The form that the solution takes in weak fields is best shown by introducing 
new variables. Numbering the equations from the top (1), (2), (3) . . , fmm 
the following sums 

(l) + ( 2 )+ ( 3 )+ ( 4 )-f- . 

( 2 ) - 1 - 2 ( 3 ) -h 3 ( 4 ) -f. 

( 3 ) f 3 ( 4 )+ 6(6)-)- . . . 

( 4 )+ 4 ( 6 )+ . . . 

The rule is to multiply the equation in a,W by the binomial coefficient 
(jfe + f 1 . 3 being A + f, Ai + f — 1, etc,, in tom. The resulting 

equations ore then readily expressed in terms of 

-“ ®f + Cf-X +....+ 0_f 

Vi = «r-l + 2o,_8 


+ 2ro_r 
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and are 

6,{W'—p . 2jfcr — w(w+ r)} + a>0 

-brP(h-m + r) 2r + 6,_,{W ~ p . 2 (i-r - A - r) - <o (m+ r - 1)} 

-j- bf—s. 2ci) ™ 0 


- -|-l)(i-*+r+l)+bi_»{W-p[i(i+l)-A(A+l)-r{r+l)] 

—«(»»+j-A)} + 6,_*_i(A+r— j+1)m =0 


From these equations it is evident that if u &= 0, we have Laudb’s y formula 
because the determinant will have no members on one side of the diagonal. 
If we put p = 0, we have the Paschen-Back effect as all the members on the 
other side of the diagonal now vanish, but of course our transformation was 
unnecessary in order to show this. 

It remains to prove Landb’s ^-formula, and to do this we solve first for the 
b’s with ci> — 0 and a given j. It then appears that all the b’s with index 
greater than j — k vanish, while the rest are easily expressed as products of 
two binomial coefficients. When <>> is not quite zero, the upper b’s no longer 
quite vanish, but it is easy to see that each bears to the next a ratio of order <■>. 
Let the characteristic required be 

^ - P [i (i + 1) — * (* + 1) — »• (*' + 1) J + JO- 

Then the value of q will be obtained from the three equations 

hi-k+i (Pi(i + 1) - P (i + 1) (i + 2)} + bi-k {* + T-j)a =0 

— P (i — «t -|- 1) {j— A + V + 1) + bj-i (q — m —j-\- k) ta 

+ bj-ts-i (A + »■ - 'i + I) o = 0. 
~ p( J — m){j — A -t- r) + bi-*-i{Pj(ji + 1) — P(i — l)i} =0. 
The determinant of these equations reduces to Land 4 's jr-formula, 

* 2j0+1) } 

» 

If the algebra of the transformation is examined, it appears that at no stage 
of it is it necessary to assume how many members the chain of equations has. 
Gonsequently the proof is valid for the incomplete end chains as well as for the 
middle ones. It would only require trivial modifications to make it ap^icable 
for t < f. 

The oonneotion of the roots with those in the Paschen-Back effect is obvious, 
for we can order them together from the top of the chain in each case. This 
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rests OIL the fact that for no value of co can the determinant of a chain have 
equal roots, as may easily be shown by a Sturmian method, so that as o increases 
adiabatically, the root which starts as, say, in order must end as p^ too. 

For example, the first solution, which for small fields is ^ . 2kr+m (l-|- 

becomes in strong fields (m -f r) co + P • 2r (m — r). In tracing out the con¬ 
nections in general, it must be remembered that there is an essential asymmetry 
between the top and bottom of the chain system. 

It is easy to solve for the ratios of the b*s for zero field with a given and thence 
to deduce the corresponding a’s; but the expressions are not very simple. 
They are required in order to determine intensities in weak fields. I have, as 
a matter of fact, examined the general case sufiiciently to see that it is only 
a matter of heavy algebraic manipulation, without inherent difficulty, to simplify 
these intensity formulee ; but it seemed sufficient to be content with actually 
calculating them only for a number of cases quintet system, arbitrary k 
and m). Wherever this has been done, the values given by Kronig* are verified. 

In this connection, however, there is one very important consideration that 
cannot be neglected—^the combination rule for This also is of course verified 
where it has been tried, but the type of calculation required to do so is so intricate 
that it is not in the least suggestive of a general principle, but rather of a sort 
of accident; so that even if we gave a proof starting from the formulae of § 4 
it would not be very convincing. The plain fact is that we have been treating 
of all field strengths indifferently, and except in the case of zero field j is nothing 
more than a name. To fit in with the familiar notation, we have adopted 
numeration by j, instead of numbering from say 0 to 2 r, and the consequence 
is merely a slight simplification of the algebra. To bring out the force of j 
we shall outline a new attack on the whole problem, omitting entirely the terms 
introduced on account of the magnetic field. 

7. The quantum number j only has a real meaning in the absence of the 
external magnetic field, so that we may say that it depends on considerations 
involving the isotropy of the atom. Now this isotropy could hardly be better 
concealed than by spherical harmonics in the form in which we have used them. 
To exhibit it we must adopt a different method of expressing them, and this 
is not hard, at any rate in the case of odd multiplicities. We saw that the 
characteristic functions were of the form 

U (0 Pr (cos 6) Pj- * (cob x) 

* ‘ Z. f. nqraik,’ toI. 31, p. 886 (1926). 
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and that all the resultB were unafEected by t. Put t = 0, and we have simply 
another ordinary spherical harmonic (cos x) 

Now any spherical harmonic in z, y, z can bo written as a combination of 
terms 


and in thia form the isotropy can be made explicit. We also introduce three 
co-ordinates v], with radius p and replace (cos x) ^7 




(i,) ( 1 ;) 


The operator occurring in the last line of (2.2) is then 




% 




(7.2) 




or say I) in vector notation. This operator commutes with r 

and p, and as before we can omit consideration of the radius while p is purely 
auxiliary, and plays no part in the integrations. We can drop out the factors 
|4+s+«+i pO'+6'+«' 11 ^ 71 ) ^7 2 ) as of no interest, and can take as 

the equation to determine the characteristic values, 




where in order to satbfy the nul approximation ij' must be a sum of producte 
of harmonics mz,y,z of degree k and in of degree r. Now the operator 
in this eq[nation is invariant for a change of axes, provided that the trans¬ 
formation is applied simultaneously to x, y, z, and t), C Hence any solution 
that can be obtained must be of tensor f<nm. We shall show that j is the rank 
cf the tensor solution. 

The present section does not pretend to completeness, and indeed we shall 
only give a few examples to bring out this interpretation of y. It will be con¬ 
venient to use a tensor notation, so we shall write a;, fox z, y, or z, and ^ for 
i)> C We follow the tensor notation in omitting the summation sign when 
duplicated indices axe to be summed; but there is here no disrixmtion between 
CO- and contravariance, so that all the indices are written below. We shall 
make use of the notati<m of vector products with suffix for the component. 
VOL. oxv.— A. c 
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Thus [a!5]i = »,53 —»,5,. 

I 

we write simply BBd^dfdy. 


Any spherical harmonic, e.g., ^ ^ ^ . p 
Similarly for ^ • p ®»* 


The equation for the characteristic functions is then 

w+=-2p[4].[i|1+ 

“ - P - 5, |j)) '!'• 

The appropriate solution will be a sum of products each of which has k d’a 
and r D’s. 

Consider the triplet p terms. The permissible forms of solution ate (((ss 
d.Dji, and we have to find what combination gives an actual solution. Solving 
out in detail (either directly or by transformation of the work of § 4),- we find 
the following solutions 


w=-- - 

4p 

j = 0 

(J; = Cd.D. 

w = - 

2p 

i = 1 

II 

P 

1 

w = 

2P 

i = 2 

.J» = C^d.D, 

with 


J- 

II 

and C„ *= 0. 


The C’s here are arbitrary constants, and the conditions attached to the 
last, which reduce them from 9 to 5, are just those that exclude terms 
corresponding to the previous solutions. If we do the same work for the 
triplet d terms, tiie typical solution must depend on d« d^ Dy, and it is 
possible to build three tensors out of this, one of the third rank, one of tiio 
second, by what we may call curl-contraction, and one of the first by com* 
plete contraction. The solutions are 

W = - ep j = 1 

W=*-2p j = 2 = 

with , C„ = 0. 

with Ca^ ^•vs and H • 


It Is easy to enumerate the numbers of independent solutions that these give. 
They are of course S, 6, 7. 

Such examples can be multiplied indefinitely, but perhaps the above will 
suffice. For a complete discussion it would be necessary to elaborate somewhat 
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the notation and method of this section, and this would open a wider field than 
the present paper contemplates. In any particular case it is fairly easy to 
verify the combination law of exhibiting it as dependent on the tensor- 
razdcs of the two characteiistic functions. We shall not go further into the 
matter here. 

In conclusion we may note a few points of general interest. We have 
succeeded in giving to j a very clear physical meaning, but only for odd multiplets. 
There seems no simple way of extending the idea to even—to do so would 
require the invention of tensors of half rank I So here again we come to the 
difficulty of the half quantum number of the spinning electron. 

The model that we have used gives, of course, only a very abbreviated account 
of the interactions of a group of electrons, and it is doubtful how far its extension 
is legitimate. For instance, consider the case of a triplet-singlet intercombina¬ 
tion line. To give such a line with our model it is only necessary to extend 
the idea of electric moment. It is easy to show that every feature of the inter¬ 
combination* is given by replacing the vector x. in the electric moment by 
We may observe that the presence of ^ in the quasi-moment seems 
natural, for Heisenberg has explained that singlet and triplet in helium would 
not combine at all but for the magnetism in the electron, and so we should 
expect the intensity of an intercombination line to involve the spin. 

Summary. 

The problem of a spinning electrified body moving in a central orbit in a 
magnetic field is solved by the method of the wave mechanics in spherical 
harmonics. It is shown to lead to a set of simple arithmetical equations which 
exactly give all the features of the standard Zeeman effect in all strengths of 
field. The model only yields strictly the odd multiplicities, but the same system 
of equations is just as competent to give the even. Formulae are given lor 
the intensity of any line at any strength of field. A few examples are worked 
out. The development in spherical harmonics brings out strongly the meaning 
of the quantum numbers A;, r, m,, but much more obscurely, j ; and an 

altenuhtive development is sketched which brings out the full force of 

1 must express my thanks to Dr. R. Schlapp for his help in working out several 
of the details. 

* Except the gbmiluU valnes of the intensities. 
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Electron Emiseion under the Infiuence of Chemical Adion at 
Higher Oas Pressures, and some Phdo-electrw Experiments 
with Liquid Alloys. 

By 0. W. Biohabdson, F.B.S., Taixow Researcih Bcofessot of the Boysl 
Society, and M. Brothebtom, Fh.D., King’s College, London. 

(Received March 31,1927.) 

$1. Appamtw mi Procedure, 

The present paper deals with the emission of electrons from metallic dxtqps 
in the presence of a gaseous chemical reagent and is a continuation of work 
described in four earlier publications by one or other of us.* These will be 
refened to throughout this paper by the numbers assigned to them in the present 
refennce. In (3) the phenomena were studied at what are believed to be very 
low partial pressures of the reactive gas which was controlled by manipulating 
a bath of liquid air round the tube containing this gas in a condensed phase. 
This control is very inexact and many of the measurements were made under 
conditions in which the density of the gas was believed to be varying rapidly 
with time. This necessitates a large number of check e:iqperimentB and is 
conducive to errors. In (4) methods were devised for maintaining the pressure 
of the reactive gas at a sufiBioiently constant value over a period required to take 
a succession of observations. These methods have since been further developed 
and it is believed that the pressure is now under sufficiently reliable control 
down to partial pressures as low as 0-001 mm. The present paper deals with 
the ^enomena as they manifest themselves with pressures of reactive gas which 
are not less than about 0*001 mm. The reaction studied throu^out has been 
that of OOClf on liquid alloys of Na and K. The composition of the alloys 
has been varied very considerably. 

The testing chamber is the same as that described in (3) (p. 23) except that 
(a) the reservoir containing the supply of alloy is connected to the testing 
chamber by a ground glass joint. Tins hicilitated the dismantling and putting 
together of the testing chamber, (b) The copper rod supporting the electrode 
is surrounded by a quarts tube and then by a layer of copper wire which is 

* (1) 0. W. Riohudson, ‘TheEmiaiionof Eleotridty from Hot Bodies,' lstB!dn.,p. 293, 
Loodoa (1016). (2) O. W. Biobaidson, * The Bmiwdon of EleotnoitQr from Hot Bodks,’ 
2nd Eda., p. 810, London (1921). (3) 0. W. Biohstdsoa, * Phil. Tnuu., A, vol. 282, p. 1 

(1021). (4) M. Brotheiton, ‘ Roy* See. Froo.,* A, vd. lOO, p. 468 (1924). 
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eatUied. nds is to pcevent stray ctiarges ftom leaking on to the electrode, 
(e) The lover reservoir is closed by a brass cap sealed to the apparatus vith 
sealing wax. This greatly facilitated the removal of the alloy when necessary 
and enabled it to be connected to earth by a wire passing through the brass cap. 

The arrangement for suppljring the active gas was the same as that described 
in (4), p. 47S, viz.:—by diffusion from a reservoir into the exhausted testing 
apparatus through nozzle. The pressure in the stream of gas may be 
varied either by varying the density of the gas in the reservoir, or by varying 
the size of the nozzle, but it is obvious that the moat constant pressures will 
be obtained by tising large masses of gas and fine nozzles. In most of the experi- 
ments the exhaustion was by a Gaede mercury pump run continuously at a 
constant rate. In some this was replaced by a tube containing charcoal 
immersed in liquid air. This is a very good method for getting the lowest 
pressures in the range here dealt with. If, during an e:q>eriment, the pressure 
begins to fall, the matter can be put right by passing a little gas into the 
reservoir. The quantity of gas in this is easily adjustable, any excess being 
readily re^ondensed into the generator by means of liquid air. 

As a pressure indicator the MacLeod gauge was abandoned in favour of a 
Pizani gauge supplied by the General Electric Co., Ltd., which was inserted 
as compactly as possible between the nozzle and the testing chamber. It is 
not certain that this will give the pressure at the surface of the reacting alloy 
correctly owing to the presence of the gaseous products of reaction (presumably 
CO), but it should give a correct indication of the partial pressure of the COCl, 
as it streams into the vessel containing the alloy. However, if the reaction is of 
the straightforward type, as for example that represented by the equation 
NaK + COd, —NaCl + KCl + CO, the reaction will not alter the gas 
{vessure, 1 molecule of CO being liberated for every molecule of C(X!!1| taken 
up. In any event the Pirani gauge has the great advantage that it indicates 
the pressure of the gas at any instant, and whether it is steady, or if it is varying, 
the rate and magnitude of the variations. It is very important to have a 
knowledge of these factors. The Pirani gauge was tested against a MacLeod 
gauge and found to agree with the formula supplied with it, using suitable 
constants, at any rate for pressures below 0*07 mm. 

One the great difficulties in this investigation, as has been realised from the 
first (see for example (3), p. 9), arises from a kind of hysteresis which sometimes 
appears in the phenomena. This will be dealt with mote folly in (10 below, 
but it is necessary to mention it here. For most of the experiments it is essential 
to get rid of this effect or at least to reduce its consequences to negligible 
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proportions. Sometimes it has been possible to eliminate this effect by taking 
down the apparatus and cleaning the outer electrode, but in other cases this 
treatment made little or no difference. It has been found possible to obtain 
consistent and reproducible results by applying a small saturating potential, 
generally 4 volts, between each current reading under a lower potential. This 
has the effect of making the voltages for a given current below saturation 
(accelerating voltages being considered positive) to be higher than would 
otherwise be found, and the result may be to increase the contact potential 
difference as measured from the chemical emission (see § 4 below) by 0*1 volt 
,in extreme cases. It is not believed that these small displacements affect the 
slope (see § 4) to a measurable extent. In fact in some of the experiments the 
displacements were entirely absent and the slope was found to be unaffected. 

§ 2. Effect of the Rate of Drops on the Emission. 

With an alloy of given composition and with the gas at a fixed pressure 
the electron emission increases rapidly as the number of drops per second 
increases. The values of the saturation current in Table I were measured 
for different rates of drops for the alloy Na E at a constant pressure of GOCI, 
of 0*0066 mm. These drops were all of about the same size. 


Table I. 


Time of 1 drop (hocb.) 

7-6 

0*60 

13*4 

114*0 

Bfttmtion current (ampe.) .... 

10 X 10^ 

six 10-* 

3-33 X 

2-33 X 10-w 


These results can be considered fairly typical of the whole of the observations. 
We have not measured the size of the drops but all our observations are m 
qualitative agreement with the view that the number of electrons emitted by 
an alloy of given compositionis proportional to the area of the surface generated 
in the gas. 

§ 3. Effeti of Pressure. 

When the rate and size of the drops is kept constant the electron emission 
is independent of the pressure of the COCI 2 over a range of pressure from 0*006 
to 0*05 mm. This is shown by Tables II and III which represent two sets of 
experiments with different rates of drops, the rate and size of the drops being 
as constant as possible in each set of experiments. 
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Table II. 


rwswue of COGU (mmi. 
olHg) . 

00065 

0°014 

0 010 

0 028 

0-041 

f 

S' 

1 

51 X 10 -» 

4-76 X 10 -« 

4 * 7 « X 10 -» 

4-83 X IQr* 

4°60 X 10 -» 

Time of 1 drop (aeos.) . 

0*60 

10 ° 1 

o*6e 

10*0 

10*5 


Table III. 


Pressure of COCL (mms, of 


nm 






Hg). 

Saturation current (amps. 

0 006 


0*011 

0-014 

0 020 

0*024 


X 10-*) . 

6*41 


4*66 


4-54 

4*66 

4*68 

Time of 1 drop (secs.) 

6*44 

■m 

6*60 

6*60 

6*60 

6-66 

6*72 


These experiments were all made with an alloy of the composition NaK. 
It will be noticed that the saturation currents are not quite constant but seem 
to diminish slightly as the pressure rises. Any part of this change which is 
teal con be accounted for by the change in the time of the drops which tend to 
become slower at the higher pressures. The constancy of the emission over 
this wide range of gas pressure is surprising in view of the results described in 
(3) where the control of the emission by immersion of the source of COClt 
in a liquid air bath, and the rapid changes of the emission with time, are only 
comprehensible if the emission was a function of the partial pressure of the 
GOdt. However, as the emission is constant for pressures between 0*005 and 
0*060 mm. and is zero for zero pressure, there must be some intervening range 
of pressure within which it is a function of the pressure. The present observa¬ 
tions suggest that this range lies below 0*001 mm. which is about the lower 
limit of the pressures measurable on the Pirani gauge employed in these 
experiments. 

§ 4. The Energy of the Emitted Electrons. 

In (3) it was found that to the degree of accuracy of the tests which could 
be imposed the electrons were emitted from the drops of Na K, with a Maxwell 
distribution of energy for a temperature of about 3300° K. If the electrons 
have this distribution of emtgf, in the case of a small source, such as a drop, 
at the centre of a large spherical electrode, the current i against an opposing 
potential V is given by 

* = t«(l + <jV)e-'^ (1) 

where is the saturation current and 

<j — «/jfcT. 


( 2 ) 
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In equation (1) V is the potential difierenoe between points just outside the 
surfaces of the two electrodes and is not directly accessible to measurement, 
the experimental scale of potential being that given by the readings of a volt¬ 
meter with its terminals in metallic connection with the two electrodes. As a 
matter of fact 

V-Vi + K (S) 

where K is the contact potential difEeronce between the two surfaces. We 
avoid this difficulty by making use of the fact, shown by equation (1), that 
is a function of oV only. By using the data in Table IX, p. 36 of (3) we 
construct a large scale graph of log»7*o(= (1 + oV)c~'^) against oV (» cY/MP). 
This graph which is almost a straight line except near the origin represents 
a relation between log t/tg and oY which is true generally apart from any 
particular value of o or T. With the help of this graph we read off the values 
of oY which correspond to the experimental values of log »7v values of 
Yj to which log »/tg correspond are known from the experiments, and we now 
construct a new graph in which the values of oV are plotted against the corre¬ 
sponding values of Y^. If equations (1) and (3) are true this should be a strai^t 
line which intersects the Yj axis at Y s:0,«.s., atY^ss — K and whose “slope” 
e is equal to e/JtT. Thus the equivalent temperature of the emitted electrons is 




s _ 1-1887 X 10*0, 


if Y] is in volts and the values taken from (3) Table IX, where eY /kT is in E.S. 
units are used. The contact F.D. is the intercept on the Yj axis between the 
slope line and the origin. It is not necessary to determine this intersection 
directly. Having first determined a it can be found from the second graph by 
noting the value of oY corresponding to any particular dividing it by a 
and adding the two voltages together. 

It is perhaps as well to state at the outset that the results obtained axe in 
harmony with equations (l)-(3) except in the neighbourhood of Y = 0. The 
slopes obtained show very little variation over a very wide range of variation 
in the other factors. They are, however, uniformly higher than the slopes 
which were found in (3) and correspond to a temperature in the neighbourhood 
of 2300” E. or about 1000” less than that given by the former eiqperiments. 

Out of a very large number of experiments of this type we shall select one as 
typeal for detailed consideration. The one selected waa made with an alloy 
of composition Na E. The drops were slow (1 drop in 17*7 secs.). The ex¬ 
haustion was by liquid air and charcoal and the partial pressure of the COCla 



25 


Electron Emieeion at Higher Oa$ Pressures. 

less tlian 0*001 mm. of mercuzy. Thesstiva1aDnourFentwa8 2*68 x 10"* amp. 
The values iji^ at difEeient accelerating voltages (Vi) are given in Table IV. 


Table IV. 


Volta (V,) 

0-S 

0-4 

0*6 

0*8 

1*0 

1*2 

1*4 

1*6 

1*8 

*/»« . 


0*000666 




0 0216 

0*0496 

0*1078 

0*1606 


coatinxied 


Volta (V,) 

2-0 

2*2 

2*4 

2*6 

2*8 

3*0 

3*2 

3*4 

3-8 

Hi* 

0*2691 

0*366 

0*496 

0668 

0*763 

0*866 

0-882 

0*947 

1*00 


These data are plotted in fig. 1. This curve is hardly distinguishable by 
visual examination from any of the curves between «/»o and V^ described in 
$ 4-§ 9 of this paper, except for some displacements along the V^ axis. The 
oV, V]i plot for the same data is shown in fig. 2. It will be seen that the plot 
is linear on the left hand side of the diagram but the points move off the line 
as it approaches the V^ axis. The slope of the straight part is 4*88, which 
corresponds to the temperature 2436° K., and the contact potential difference 
is 2 ‘36 volts. This quantity, which gives the tme position for zero field on the 
V^ scale, is marked off on fig. 1. If equations (l)-(^) applied accurately, the 
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cment should come to satoistion at this voltage. As a mattei of bot they 
only apply to the left of the point marked s/i'o s l/lO. To the ri^t of this point 
the currents do not rise fast enough as the retarding field falls, and in fact an 
appreciable accelerating field is required to bring the current to saturation. 
This deviation is the counterpart of the deviation of the points from the straight 
line on the right hand side of fig. 2. 



A selection of results from similar experiments taken under different sets of 
conditions is collected in Table V. 

The compositions of the alloys which are indicated by the various designations 
Na E, Na E,, the letters A-F and Nos. 1-4 in this Table and in various places 
in the rest of this paper are as follows Na E contained 63 per cent, of E, 
Na Eg 77 per cent. E, A not known with certainty but believed to be 59 pet 
cent. E, B also not known with certainty but believed to be 60 per cent. E, 
C also not known with certainty but believed to be 60 pet cent. E, D also not 
known with certainty but believed to be > 59 per cent. E, E 63 per cent. E, 
F the same as Na Eg 77 per cent. E, No. 4 86 per cent. E, No. 1 > 86 per cent. 
£, No. 2 the same approximately as No. 1, No. 3 more E than Nos. 1 and 2 
but < 90 per cent. E, No. 5 > 86 per cent. < 90 per cent. E. 

Some idea of the fluidity of the alloys may be got from the following data. 
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Table V. 


No. of 
Espt. 

mj. 

Method 

of 

Exhaust. 

Pressure 
mm. of 
Merour7. 

Satn. 
Current 
i, (amps.). 

Time 

1 drop 
(secs.). 

Contaot 

P.D. 

Volts. 

Slope. 

Remarks. 

1 

NftK 

Liquid Air 

<0 001 

2-68xl0‘» 

17*7 

-2-360 

4*88 

Brass sphere ooated with 
silTor^lam. 3 - 8 oma. 

2 

It 

If 

<0001 

2-68X10-* 

17*7 

2-42 

4*88 

tt It 

3 

NaK, 

Gaede 

7 

9-6X10-W 

13-2 

2-06 

5-15 

If tt 

4 

*1 

II 

00066 

3xl0-»« 

17*2 

1-93 

6W 

It tt 

fi 

I* 

11 

0 0066 

6-32xl0-»* 

16-2 

2-02 

6-17 

tt tt 

6 


It 

0‘0066 

3-45X10-* 

13*5 

2-16 

5-14 


7 

II 

II 

0-0066 

2-83x10-* 

13-6 

2-22 

5*06 


8 

I* 

ft 

0-0062 

3-66x10-* 

13-5 

2-29 

4-86 


0 

fi 

II 

0-0066 

2-76x10-* 

13-5 

— 

5*22 

»i It 

10 

» 

II 

0-008 

2-8x10-“ 

3-0 

1*86 

4-94 

tt It 

11 

7 

II 

0-0006 

6X10-“ 

3-1 

1-96 

5-23 

tt tt 

12 

T 

.. 

0-0070 

7-6x10-“ 

3-03 

2-09 

6-13 

tt tt 

13 

7 

ti 

0-008 

l-2xl0-« 

3-03 

2-07 

5*11 

It tt 

14 

7 

11 

0-0084 

l-6xl0-»* 

3-03 

2-14 

SOI 

It It 

15 

7 

.. 

0-0065 

1-13x10-1* 

3-06 

1-98 

6-00 

tt It 

10 

7 

It 

0-0078 

2-2x10-1* 

3-06 

2-11 

5-00 

It tt 

17 

» 


0-0065 

2-93x10-1* 

3-21 

2-04 

6*05 


18 

NaK 

II 

7 

5X10-* 

6*66 

2.26 

6-01 

ti It 

10 

It 

ti 

7 

7-3x10-- 

6-00 

2-28 

6-06 

It tt 

20 

It 

It 

? 

9-16x10-* 

4-50 

2-41 

4-84 

ti ft 

21 

«t 

II 

7 

9-16x10-** 

4-30 

2-37 

5-00 

Silvered braes sphere. 
3*8 ems. 

22 

It 

It 

7 

6-0x10-* 

8-0 

2-37 

4-95 

tt M 

23 

II 

Liquid Air 

<0'001 

2-6x10“* 

23-0 

2-34 

6*07 

tt II 

24 

It 

II 

<0-001 

2-29x10“* 

22-0 

2-28 

4-99 

It II 

26 

•1 

Qaede 

0-014 

7-0 xlO-* 

7-1 

2-39 

6-80 

fl II 

26 

II 

II 

0-021 

7-0x10“* 

4-6 

2-46 

6-10 

It 11 

27 

•f 

II 

0-029 

6-38x10-* 

7-2 

2-54 

6*38 

II II 

38 

B 

II 

7 

6-6x10-* 

2-0 

-HO-11 

4-87 

Copper sphere, Maoh 

20 

B 

It 

7 

2-6x10-* 

1-66 

i-0 05 

4-75 

Qiam. 

II It 

30 

B 

II 

7 

3-33x10-1* 

1-30 

-1*90 

5*10 

tt II 

31 

A 

It 

7 

2-27x1(H* 

6-6 

1-82 

4-66 

Silvered brass sphere. 
3-8 oms. 

32 

A 

It 

7 

l-3xl<H* 

8-4 

1-88 

4*01 

ft tt 

33 

A 

II 

7 

3-33xlO-»* 

10-0 

1-24 

4-00 

tt II 

34 

B 

It 

7 

7*16x10-* 

0-97 

1-51 

4-85 

ti 1* 

35 

B 

It 

7 

8-0x10-1* 

9-0 

1-84 

4-93 

tt It 

30 

B 

It 

7 

2-6x10-1* 

16-0 

1*82 

i 5*16 

tt II 

37 

B 

If 

7 

2-08x10-1* 

17-5 

1-86 

4*80 

ti II 

38 

B 

It 

» 

4*68x10-1® 

11*3 

1-96 

5*00 

ft II 

30 

B 

It 

7 

1*25x10-1* 

12*0 

1 1*98 

5-00 

tt It 

40 

1) 

It 

7 

6*8x10-* 

1-0 

0-00 

6*00 

1-inoh Cu. sphere. 

41 

D 

It 

7 

9*0 xKH* 

3-76 

1-65 

4-80 

tt 

42 


It 

7 

1-8x10-* 

7 

2-44 

6*00 

It 

43 

V 1 

aa 

It 

7 

2*3x10-* 

7 

2-33 

6-07 

tt 

44 

NaK, 

tt 

» 

1*33x10-* 

6-0 

2-02 

6*20 

tt 

46 

” 

It 

7 

4*6x10-* 

7 

1*49 

5*10 

If 

46 


It 

7 

2*8X10-* 

36*0 

1*90 

6*00 

It 

47 

No. 2 

•I 

7 

7*6x10-* 

1*16 

2*34 

4*99 

tt 

48 

No. 2 

It 

7 

8x10-* 

11-3 

2*28 

6*10 

tt 

40 

No. 3 

If 

7 

1-87x10-* 

64 

2-99 

4*91 

It 

60 

No. a 

■ 

' 

8x10-1* 

“ 

-3-23 

6-03 

ft 
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The moet liquid alloy mdts at —13** C. and has the oomposition 77 per cent. K. 
This corresponds to the formula Na but it is not believed to be a compound. 
Those which melt below 0* C. cont^ from 67 to 85 per cent. K, and those which 
melt below 4* 15° 0. contain between 47 mid 90 per cent. K.* 

As reg^uds pressure of C0C1| the experiments in Table V fall into 3 classes. 
In Nos. 1,2,23 and 24 the apparatus was shut off from the pump and the gases 
were absorbed by charcoal cooled by liquid air. This led to pressures as low 
as, or lower than, the limit of the Pitani gauge used (about 0-001 mm.). In 
Nos. 25, 26 and 27 a larger nozzle and higher gas pressures in the reservoir 
were used and the gases were removed by the Ghiede mercury pump. In this 
way steady pressures above 0-010 mm. were obtained. In all the other e:q>eri> 
ments a finer nozzle and a lower gas pressure in the reservoir were used and the 
gases taken away by the Qaode pump. The pressures were only measured 
in Nos. 4 to 17, but it is believed that in all these experiments, which were 
carried out with very various objects, the pressures were within the limits 
0-005 and 0*010 mm. of mercury. 

The value of the contact potential difierence for the surfaces in a normal 
condition probably varies with the composition of the alloy (and to a smaller 
extent, for the materials used, with the composition of the other electrode). 
It appears from the data to have a minimum value of about 2 * 0 volts for Na K, 
the most liquid alloy, and to rise to 2-36 volts for Na K and to 2*3 volts for 
alloy No. 2 which contained nearly 90 per cent, of potassium. The value for 
Na K| is in fair agreement with the results in (3) for Ns Kg and COClg where 
the value of the contact P.D. was found to lie between the limits of 1 - 6 and 1 *9 
volts -, at any rate both agree in givii^ low values with this alloy. The com¬ 
positions given are those of the alloys when they were first made, and may not 
be altogether reliable as there are indications that the alloys become richer 
in Na after being subjected to the reaction. For this reason and on account 
of various factors which may cause the contact potential difierence to be altered, 
too close a correspondence between the results of difierent experiments must 
not be expected. The data must be interpreted broadly. 

In four of these experiments the outer electrode was observed to be splashed 
over with the alloy, with the result that in the three of them in which fast drops 
were used (Nos. 28, 29 and 40) the value of the contact P.D. was reduced 
practioally to zero, and in the other (No. 33) it was low. This is satis&otory 
because for two surfaces each covered with the fresh alloy the contact P.D. 
should be zero. It is likely that most, if not all, the low values of K found in 

* OJ. H. Le Chatelier, ‘ Reoeoil de Oonstontes Physiqnes,* Palis, 1013, p. 3B2. 
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Table V are the result of some splashing. The high values shown by Nos. 49 
and 60 with an alloy rich in K may be due to a layer on the electrode (see §10 
below). 

It will be seen (§ 6) that there is a variation, with the composition of the 
alloy, in the threshold frequency which corresponds to this change in the contact 
potential. Experiments 24-27 were made ezpresssly to test the effect on the 
phenomena of increasing the pressure of the COCl|. It appears that one effect 
is to increase the measured contact potential difference. It will be shown 
(§ 6) that the GOGl)| exerts an analogous effect on the threshold frequency, 
which it lowers. This corresponds to an increased electro-positivenesa of the 
alloy and thus to a higher contact potential. 

Perhaps the most remarkable thing in Table V is the constancy of the slope. 
If we exclude Nos. 26-27 and 31-33, of which we shall speak later, in none of 
the experiments does it differ as much as 6 per cent, from 6*00. This is in 
spite of the following variations in the independent variables:—^Partial pressure 
of COGl| from <0*001 to 0*010 mm., saturation current (total emission) from 
2*8 X 10"*^ to 7*6 X 10~' amp., time of one drop from 0*97 to 64 seooixds, 
change in the composition of the alloy from approximately 60 per cent. K to 
nearly 90 per cent. E, and the substitution of a brass sphere 3 * 8 oms. in diameter 
coated with silver for a copper sphere 2*64 cms. in diameter. 

Experiments Nos. 24-27 were made to test the effect of higher pressures of 
gas. These experiments should perhaps be repeated but they are consistent 
with one another in showing a steady increase in the measured values of the 
slope at pressures above 0*010 mm. of mercury. There are, of course, many 
causes which might give rise to such an increase in the slope, and it does not 
necessarily mean that there is any corresponding change in the energy of the 
emitted electrons under these higher pressures. 

The reason for the low values given by Nos. 31-33 is not known. These also 
all gave low values of the contact potential. In the case of No. 33 splatiiing 
of the outer electrode was observed. It may be that the condition of the outer 
electrode was steadily changing in these experiments. 

The data in Table Y do not afford any clear evidence of any alteration of the 
slope with either (1) changes of pressure between <0*001 and 0*010 nun., (2) 
total emission between 2*8 X 10'“ and 7*6 x 10~*amp., (3) rate of drops 
between 1 per minute, and 60 pet minute, and (4) composition of alloy between 
60 pet cent. E and 90 per cent. E. 

The mean value of the 4A consistent determinations of the slope, i.e., exduding 
Nos. 26-27 and 31-33, w 6*014. This corresponds to a value of T = 2368° K. 
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Some other experiments not inclnded in Table V made with a ojdindtioal copper 
electrode 2*0 oms. in diameter, the one used in (3) in fact, gave practically 
the same value. 

Fig. 3 shows the determination of oY as a function of Vj obtained in 4 suooes* 
sive e^qperiments, and is a blit specimen of kind of consistency which is obtamed. 



Fio. 3. 

The successive sets of points ate here displaced vertically by arbitrary 
in order to separate them. It Mrill be seen that the plots are accurately 
over a wide range, a range in bict which involves a reduction of the «h«> mm l 
cunent in the ratio 6000:1. This result is important because it ogtaMialiai i, 
the asymptotic approach of the chemical current towards the voltc^ to 
the corresponding degree of accuracy. There is nothing in the phe. 

nomenon which corresponds to the sharp intersection of the voltage which 
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§ 6. The Photodeetrie Determination of Ae Contaet Potential. 

The difference of potential between the drops and the sphere was determined 
by photoelectric measurements in (3) where the method used is fully described. 
Briefly it involves the determination of the threshold frequency Vq at the drops 
and the stopping potential V, for some definite frequency v( > Vg), the contact 
potential K between the two surfaces then being given by 

e (V, + K) =s ime* = A (v — v,). (5) 

In this equation V, is the voltmeter reading at which the photoelectric current 
is reduced to aero. In experiments Nos. 1-27 no photoelectric tests were made 
as we assumed that the identity of the contact potentials given by the chemical 
action method and by the photoelectric method was sufficiently well-established 
by the results in (3). 

At this stage it became necessary to review the position as the slopes found 
in experiments Nos. 1-24, althoi^h consistent with each other, were uniformly 
and very appreciably hi^er than those measured in (3). It was felt that too 
much confidence was being reposed in the conclusion in (3) that the initial 
velocity distribution is invariably Maxwellian; particularly as the present 
experiments showed very wide deviations from such a distribution in the 
neighbourhood of aero velocity. It is not intended to suggest that these 
deviations ore a serious argument agaimt the pheitomena involving a Maxwell 
distribution as a fundamental element. There ore good reasons for believing 
that such deviations may arise from secondary causes. They cannot, however, 
be regarded as strengthening the case for a Maxwell distribution. It was 
decided to try to shed some more light on the phenomena by reverting to the 
photoelectric measurements. 

As in (3) the source of monochromatic light consisted of various lines in the 
visible from a quartz mercury vapour lamp focussed on the drops by a Hilger 
glass monochromator. In order to improve the results we obtained a “ K.B.B. 
microscope Illuminant ” quartz mercury vapour lamp which is more powerful 
than the one used previously. There are considerable difficulties about these 
experiments. It is necessary to determine the photoelectric data under the 
same conditions as the chemical. This involves obtaining the photoelectric 
effect by subtracting the chemical effect (light off) from the sum of the chemical 
and photodectric effects (light on). The chemical effect is in most cases so 
large that the result is zero unless a very powerful monochromatic source is used. 
The only lines, either from this source or any other, which we have been able 
to get in a nffimeut strength ate the yellow group X 6679-6790, the green line 
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X 6460, the violet group X 4347-4368 Mad the violet group X 4046-4077 of 
mercury lines. The blue line X 4916 is too weak to be useful and the intensity 
of the violet group X 4046-77 seems to vary iu relation to the intensities of 
the others in a way which we do not understand. At any rate we have found 
it very difficult to make any reliable determinations of the threshold frequency 
between 6*6 and about 6*6 x 10^*. These difficulties are the cause of the gape 
in the information presented in the next section. It is also difficult to determine 
the stopping potentials with an accuracy of more than one-twentieth of a volt. 
At the stopping potential the photoelectric current is necessarily zero, and in this 
neighbourhood the photoelectric currents are inevitably superposed on a much 
larger current of chemical origin. 

There is little doubt that the assumption that the chemical and photoelectric 
effects are independent and superposable is true as a first approximation, but it 
is not certain that it is true as an exact j^inciple. In some experiments witib 
an alloy No. 2, which is rich in potassium, and with a slow rate of drops, 
ccmditions which give a large chemical emission accompanied by a relatively 
small photoelectric emission, it appeared that the currents with the light on 
were less than with the light off. This would imply that one effect of the light 
is to diminish the rate of chemical emission. This particular effect has, however, 
not been sufficiently investigated to warrant further discussion at this stage. 
It has also been observed with another alloy also containing more than 86 per 
cent. E but with a fast rate of drops (1 in 1 *66 secs.). 

The results of a particular eiqteriment of the land now under consideration 
ate shown in fig. 4. This was made with alloy B. The points shown by O 
represent the observations of the chemical effect, those shown by 0 the photo* 
electric currents with the violet group X 4046-77, and those shown by X the 
currents with the violet group X 4347-68. It will be seen that the zero on the 
Vj scale given by the chemical emission is 1 *83. In this experiment the value 
of Vg was close to 6*0 X 10^*. When this is combined with the value of v 

for the group X 4347-68 we find - (v -> Vg) = 0*77 volts which gives the zero 

on the Vi scale as photoeleotrically determined = 2*46 volts. Similarly the 
values from the group X4046-77 give the zero as 2*49 volts. These two photo* 
electric determinations are in good agreement with each other, but they are 
both very much higher than the figure given by the chemical determination. 

A number of similar disagreements between the photoelectric and the chemical 
determination of the contact potential difference were obtained both witii this 
and other alloys. In each case the chemical value of the contact potential 
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difference was less than the photoelectric. In order to clear up this discrepancy 
a more systematic investigation of both the chemical and photoelectric 
phenomena was undertaken with a number of allo)ns of known composition. 

§ 6, The Threshold Frequf^ioies of Different Alloys, 

We have only been able to obtain satisfactory determinations of both 
in vacuo and in presence of C 0 Ci 2 in the case of the alloys which contained a 
relatively low percentage of potassium. An alloy (marked E) which was made 
up of 63 parts E to 47 Na gave 3 values of Vq with COGlg present as 6*06, 
5*125 and 6*176 x 10^^ with a mean 6*12 X 10^*. This point could be deter¬ 
mined quite satisfactorily to the degree of consistency of these numbers because 
measurable effects were got with the green and yellow as well as with the violet 
lines. The vacuum value was determined as > 8*4 x 10 ^^. This point is 
less accurate but it is certainly not very far from the mark, and there is no doubt 
that it is higher than the value when COClg is present and < 6 *0 x 10 ^^. 

Very close determinations of Vg for both conditions were got from another 
alloy after it had been used for several experiments. The value in COClg 
was found to be 6*0 x 10^^ and that in vacw) 6*38 X 10^^. The composition 
of this alloy was unknown. Another alloy also of unknown but different 
composition gave V 0 = 6*40 X 10^^ in COCI 2 X 10^* in vacuo, 
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Still another experiment with alloy B gave 6'0 x 10'* in COOlj and 6*2 X 10'* 
invcmo. 

All three results agree in making the threshold frequency a little higher in 
wm than in COCl,. Whether a similar result would hold with the alloys 
richer in K we are unable to state. They are, however, consistent with the 
observations in (3) where it was found that in experimenting in water vapour 
the threshold on one occasion was pushed into the infra-red. 

The threshold frequencies for a number of alloys are assembled in 


Table VL 


Derignation of Alloy. 

B. 


A. 

P. 

No. 4. 

No. 1. 

No. 3. 

No. 5. 

Ftooentaga of K 

760 

63 

759 

77 

85 

>S6 

>No.l 

>86 

Vp •+-10^* for alloy in vacuo 

638 

>6*40 

>6*40 

— 

>6'40 


6>05 

6*46 

-4- for uUoy in CO Cl| 

60 

612 

6*40 

6 2 

5-20 

1 

5*00 

— 



> 5'4 meana that then was no omission with X 6461 or that it was so small that it oould not safely be aooepted 
asieal: it abo implies <6>0 X 10^^ 


The queried compositions assigned to alloys A and B are only guesses but the 
others are certainties (within a certain degree of approximation). It is clear 
from the figures in the bottom row of Table VI that vq in COCla has a maximum 
at a composition near 77 per cent. K. This is the composition of the most 
liquid alloy which, although not believed to be a compound, corresponds to 
the formula Na Kg. It is probable that the vacuum value of Vg does not vary 
so much with the composition of the alloy as that measured in COClg* 

The present observations are in agreement with the observations of the thres¬ 
holds in (3) when account is taken of the composition of the alloy there used. 

§ 7. The Stopping P(^entiakfor DiffererU Alloys. 

The stopping potential for the photoelectrons ejected by the violet group 
X 4046-77 has been determined for allojrs containing 60 per cent. K or there¬ 
abouts, both with and without COCIg in the apparatus. For these alloys 
the stopping potential was found to be about <0*1 volt, or rather less, higher 
in COClg than in vacuo. A particular determination of this difierenoe, made 
with the alloy to which the first column of figures in Table VI refers and in the 
same state, gave the following figuresStopping potential with COClg piresent 
a: 1*668 on the Vi scale; in vacuo 1*681: difference 0*087 volt. In this 
experiment the pressure of the COClg was about 0*008 mm. and the rate of 
drops 4 in 90 seoonds. 

Some data showing the relation between the threshold frequency Vp, the 
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stopping potential Vg for light of frequency v = 7*40 X 10^*, and the chemically 
and photoeiectrically determined contact potential differences for 6 alloys of 
different compositions are given in Table VII, The numbers given in each 
case are those found in the presence of COCI 2 . The quantity D is the difference 
on the scale between the zero got from the chemical effect and the photo¬ 
electric stopping potential. The compositions of the alloys marked ? are 
estimated by interpolation from the threshold frequencies using the data in 
Table VL 


Table VIL 


Designation of Alloy 
end per cent, of K. 

No. of 
Expt. 

10'* 

(volts). 

Stopping 
Potontiu 
vr (volts). 

K, 

(volts). 



D 

(volts). 

B60? 

34 

60 

0-979| 

-1*07 

-2*06 

-1*61 

0-64 

0*44 

B60T 

35 

60 

0*979 

1*43 

2*41 

1*84 

0*57 

0*41 

B60? 

36 

60 

0*979 

1*48 

2*46 

1*83 

0-63 

0-3S 

B60? 

37 

50 

0*979 

1*61 

2*49 

1*82 

0-67 

0<31 

B60? 

38 

60 

0*979 

• 1*63 

2*01 

1*96 

0-66 

0*32 

BSO? 

39 

6*0 

0*979 

1*65 

2-63 

1-98 

0*65 

0*33 

ESS 

42 

511 

0*943 

1*98 

2*92 

2-44 

0-48 

0-48 

BS3 . 

43 

511 

0-943 1 

1-97 

2*91 

2*33 

0-68 

0-36 

D>60? 

40 

>5*4 

<0*816 

+0*40 

<0*416 

000 

<0*42 

0-40 

D>69? 

41 

>6*4 

<0*818 

1*25 

<2*066 

1-65 

<0*41 

0-40 

P. 77 . 

44 

6-2 

0-489 

1*02 

2*11 

2-02 

0*09 

0-40 

P.77 

45 

62 

0*489 

1*01 

1*520 

1*40 

0*039 

0-46 

P.77 

46 

6*2 j 

0*489 

1*40 

1*889 

1*00 

+0*001 

O-SO 

Eo. 2>85 

47 

506 

0*957 

Tl-46 

?2*42 

2*34 

-0*08 

70-88 

No. 2>86 

?48 

5-06 

?0*95 

1-82* 

T2-75 

2*28 

0*47 

0-38* 

No, 3>No. 2 

?49 

4-66 1 

TO *91 

2-SO* 

T3-30 

2*99 

0*31 

0-61* 

No. 3>No. 2 

?60 

4*65 

TO-91 

2-83* 

T3-74 

3*23 

0*51 

0-31* 


* It wBfi not possible to measure the stopping potential m COCI| in those experiments. To got the values 
of p, 0*09 volts was added to the vacuum values which are given in the fourth column. This is the ooneotion 
which has to be applied to alloys poor in K, but it is not known whether it is applicable to these alloys. 


The numbers in the second column relate these experiments with the data for 
the same experiments in Table V. The third column contains the photo¬ 
electric threshold frequency v^. Kp (col. 6) is the contact P.D. as measured 
photoeiectrically and deduced from the equation 

K„=^(v-v,)-V.. (6) 

e 

E. is the chemical contact potential got aa described in § 4. It mil be seen that 
these quantities are onlf equal for the most liquid olloj, that which contains 
77 per cent. E. In general—E,> — E,, the divergence being greater the 
mewe the composition deviates from 77 per cent. E either in the direction of 
mote E or of more Na. Although the individual values of E. or of E, vary 

D 2 
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by large amounts in a fortuitous manner, the difference K, — K« is a quite 
systematic function of the composition of the alloy to the accuracy of the 
experiments. (It should be remembered that the data got from the aUoys 
Nos. 2 and 3 containing > 86 per cent. K are much less reliable than the others.) 
The fortuitous variation in K, and £« is due to changes in the condition of the 
outer electrode in different experiments. This is eliminated when we take tite 
difference K,—Ke. In the experiment which gave E, —0*00 the outer 
electrode was observed to be splashed over with the alloy. 

The change in E,—E, with the composition of the alloy is the volt equivalent 
of the corresponding change in the photoelectric threshold frequency v,, to 
the accuracy of the data. The difference between E, and E, is evidently 
closely associated with the changes in v,. It is probably due to some peculiarity 
in Ep as the quantity D, which is the photoelectrically determined stopping 
potential measured from the chemically determined zero, shows relatively little 
variation, if any, with composition. This point will be reconsidered in the 
following section after some other matters have been discuased. 

§ 8. Comparition with the RetuUe of (3). 

The results of §§ 6 and 7 dispose of one of the conflicts between the results of 
the present investigation and those described in (3). The particular conflict 
is, that whereas in (3) the chemically and photoelectrically determined contact 
potentials were found to be identical for the same surfaces, it appeared in the 
present experiments, § (6), that there might be a very considerable difference 
between them. It appears from Table VII that in the present experiments 
the two contact potentials are identical for the alloy which contains 77 per cent. 
E. This is the most liquid alloy having a composition corresponding to Ns E, 
and is the alloy which was used in the only experiments in (3) for which an 
accurate determination of the contact potential was made by both methods. 

The results are, however, still not entirely harmonious. In the old experi¬ 
ments the average energy of the electrons, expressed as an equivalent tempera¬ 
ture, was found to be 3300° E. within a probable error thought to be about 10 per 
cent. The corresponding quantity found in the present investigation is 2368° E. 
as the mean of 44 determinations, none of which differ from this value by so 
much as 6 per cent. 

Whether the difference between T ~ 3300° E. in (3) and T — 2368° K. in the 
presmit experiments represents anything real must still be left in suspense. 
It is hoped to settle this question definitely by further experimexrts. The 
difference is about 30 per cent., and it hardly seems probable that the former 
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experiments can involve so la^e an error. The conditions were definitely 
different in the two sets of experiments. In (3) the emission was varying with 
the pressure of the COGl,, as is shown by the response to the liquid air control, 
whereas in the present experiments the emission was independent of the pressure 
at any rate over most of the range used (§ 3). The natural interpretation of 
this fact is that we are now dealing with the average energy of the electrons 
emitted up to the completion of the reaction over a given metal surface; whereas 
at the lower pressures which appear to have prevailed in (3) only the incipient 
stages of this reaction may have been concerned. The chemical currents in (3) 
were also smaller than in the present experiments. If there is a real difference 
in the two cases it should be in the direction indicated by the figures which 
have been obtained, as the average electron energy would be out down by the 
necessity of getting through the surface layer of reaction products in the later 
stages of the reaction. 

The present results tend to strengthen the arguments in fevour of the view 
that the phenomenon is a direct chemical emission and not due to secondary 
thermionic effects (c/'. (2), p. 313). If the old experiments are reliable, as 
it seems likely they are, the measured energies were about 30 per cent, above 
those now found. In any event they are certain enough to show that there is no 
considerable increase in the energy when the chemical currents are increased 
from the smallest values which can be measiued to the highest values attainable 
by raising the gas pressure. The highest chemical currents used (in one set of 
experiments or the other) are roughly 3*7 X 10* times the smallest. This 
constancy is incompatible with the view that the phenomena are secondary 
thermionic effects. This argument is, however, not so conclusive when 
regarded from the standpoint of the theory of patches (8.9). 

§ 9. The Difference belvoeen the Photodectrie and the Ohemieai Zero. 

The difference between the apparent contact potential w determined from 
the properties of the chemically emitted electrons and by the photoelectric 
measurements ({(7)) is a matter of considerable interest and calls for further 
discussion. It can be accounted for if it is assumed that in general the chemical 
reaction does not take place uniformly over the surface of the drops, but occurs 
in localised patches which grow by extension of the periphery. There is already 
definite photoelectric and thermionic evidence of the occurrence of patches 
having different properties from the major part of the surface in the case of the 
alkali metals.* If we admit the existence of such patches in the case of the 

* 0. W. mohaidsMi and A. F. A. Young,' Roy. Soo. Proo,,’ A, vol. lOT, p, 377 (1035). 
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chemical reaoticns hero investigated we already have information which enables 
us to say something about their photoelectric properties. If we refer to Table 
VI we find that in each case in which it was possible to determine Vg both with 
and without COClg the value was a little higher without OOd,. This means 
that the surfiice acted on by the COClg is electropositive to the clean alloy. 
This may be surprising but it fits with the observations of Richardson and 
Young and also with the very low thresholds for the alloy which have been 
found in the presence of water vapour. Let v, denote the threshold frequency 
for the contaminated areas and that for the clean alloy. The photoelectric 
measurements will always determine the smaller of these and for the cases where 
both have been ascertained this is v,. On the view taken it is no longer but* 
prising that the contact potential is different according to whether it is deter¬ 
mined from the chemical or from the photoelectrons as these come from surfaces 
with different intrinsic potentials. The stopping potential V, of the photo- 
electrons is given by the equation 

There is a relation between and Kp namely 

= ^(V,-Ve). 

If we make use of <his relation we can find an expression for D the quantity 
in the last column of Table YII. We have 

-D»K.-f-V.==^(v-v.). 

s 

It is evident from Table YII that D changes very little with the composition 

of the alloy, nothing like so much, for example, as - (v — v,) which is given 

e 

in the third column. Evidently v, is much less dependent on the composition 
of the alloy than v,. This is also in agreement with the data in Table VI where 
the vacuum data should correspond to v, and the COClg data to v,. It is 
hoped that it may be possible to make further experiments to test some of these 
relations more accurately. 

The theory of patches accounts for another set of facts very satisfactorily, 
and that is the difficulty of attaining saturation, and the breaking down of the 
agreement with the Maxwell formula in the nei^bourhood of zero emission 
velocity. The experimental conflict with the formula is of this character 
that the proportion of low velocity electrons is far below what it ought to be. 
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If the electrons are ejected at. the periphery of an electropositive patch the 
slow ones will be polled into the positively charged area and only the fast ones 
will get away. It is found in addition, in accordance with the same ideas, 
that an accelerating field is required to draw a considerable fraction of the slow 
electrons into the surrounding spherical surface. These phenomena are not 
found with the photoelectric currents which approach the saturation axis much 
more steeply. 

§ 10. llysteretic Effects. 

These effects are partially described in (4) where the values of the currents 
at a given potential difference vary according to whether the potentials are 
rising or falling. They probably account for most of the discrepancy between 
the results described in (I) and those in (2), (3) and (4), and also for most of the 
troublesome shifts along the voltage axis which occur from time to time. Our 
understanding of these effects, while still imperfect, has been greatly increased 
as the result of experiments with alloy No. 4, composition 86 per cent. K, 
which, for some unknown reason, exhibited the effects in a very exaggerated 
form. The phenomena can be best explained by reference to fig. 5. The 



Volts V, 
Fig. 5. 


chemical current E.M.F. curve with points0 was first taken, 16 volts being 
ap]^ed to saturate the current between each reading. The gas was then 
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pumped out and the photoelectric curve for the line X 40li6, points;— A , was 
taken. The apparatus was allowed to stand 18 hours, GOGI 2 re-admitted and 
the chemical curve given by O obtained without applying 16 volts between 
readings. The chemical curve got by applying 16 volts between readings 
was then taken and found to be that given by 0. The gas was then taken 
out and the photoelectric response to X 4056 was then found to be given by +. 
This is not a complete statement; several other things were done during these 
experiments, but it is believed, as the result of additional experiments, that 
the changes which caused the observed effects have been mentioned. 

The essential feature of these and of innumerable other hpteresis phenomena 
which we have examined is that the application to the outer electrode of a 
positive potential which is fairly high, but not too high, causes the currents 
subsequently measured at lower potentials to occur at higher potentials than 
would otherwise have been the case. The phenomenon is, in fact, similar to 
the polarisation of a voltaic cell. This cranky or iK>larised state may, as in 
the example shown in the figure, last for hours, or it may be a matter of minutes 
or seconds, or the time of relaxation may be so quick that the effects appear 
to be absent. In addition to the displacements along the voltage axis shown 
in fig. 5 the individual curves differ from a normal curve, such as that in fig. 1, 
by being drawn out horizontally. 

The site of this effect is at the surface of the outer electrode. It is quite 
definitely not at the surface of the drops because (1) it can persist for hours, 
whereas the surface of the drops is renewed several times a minute, and (2) 
whereas it may move the photoelectric stopping |)otential for X 4065 from about 
3 to about 6 volts there is no corresponding change in the photoelectric 
threshold freque^icy. The last fact alone shows that the nature of the surface 
of the drops is not seriously altered when the effect is present. It is not in 
the gas because the displacement of the photoelectric stopping potential for 
X 4056 persists when the gas is pumped out and the tests made in a vacuum. 
For the same reason it cannot be a temporary effect caused by the action of 
the gas on the surface of the outer electrode. It must be a change in the surface 
of this electrode which is capable of being fairly permanent 

Effects of this character have been observed over the whole range of pressure 
of COClj covered by these experiments down to <0*001 mm. of mercury, 
with slow and with fast drops, and with alloys covering nearly the whole range 
of composition which is liquid. The most marked effects were obtained with 
an alloy containing a very high percentage of K, but they were not noticeable 
in experiments with an alloy containing a still higher percentage of K. The 
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effects have been observed with surfaces of copper, brass and silver, and with 
surfaces which may be new, old, dirty or clean. When the condition is very 
pronounced it appears that it may be destroyed by raising the potential differ¬ 
ence, driving the electrons from the drops to the outer electrode, to 100 volts 
or less. As a result of this property the hysteresis curves embracing higher 
potentials of this order may be extremely complicated. 

We are glad to acknowledge our indebtedness to the Government Grant 
Committee of the Royal Society, and to the Department of Scientific and 
Industrial Research for financial assistance in connection with this investigation. 


Gaseous Combustion at High Pressures.—Part VIL* A Spectro- 
graphic Investigatim of the Ultra-Violet Radiation from 
Carbonic Oxide-Oxygen {or -Air) Explosions. 

By William A. Bone, D.Sc., F.R.S., and D. M. Newitt, Ph.D. 

(Received March 31,1927.) 

[Plate 1,] 

Introduction. 

The radiation emitted by flames in various circumstances was not much 
studied until the year 1890 when R. von Helmholtz and (independently) 
W. H. Julius made the first systematic analyses of the quantity and quality 
of that emitted by the flames of hydrogen, carbonic oxide, methane and 
ethylene burning in air at ordinary pressures. Their work, however, does not 
seem to have been much noticed until, in 1907, H. L. Callendar directed 
attention to it in connection with the work of the British Association Com¬ 
mittee on Gaseous Explosions, which was chiefly concerned with how far 
radiation is responsible for what is sometimes termed “ the missing pressure ” 
in closed vessel explosions. 

In 1910 B. Hopkinson (who was assisted by W. T. David) published his 
measurements of the total radiation emitted during a coal-gas-air explosion 

* Previous papers of this series appeared in ' Phil. Trans.,* A, voL 215, p. 275 (1915); 
‘ Roy. Soo. Proc.,* A, vol. 100, p. 67 (1921); vol. 108, p. 205 (1923); i6td., vol. 105, 
p. 406 (1924); ifruf., vol. 108. p. 393 (1925); m., vol. 110, p. 645 (1926). 
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at an initial pressuie of one atmosphere in a closed cylindrical vessel (30 cm. 
X 30 cm.) and the subsequent cooling period. The explosive mixtiue employed 
was one of 16 parts coal-gas with 86 of air, such being very nearly the mixture 
of maximum strength consistent with complete combustion. Two comparative 
sets of experiments were made, namely:—(i) with the walls of the vessel 
highly polished, and (ii) in which they were painted with a 0*02 mm. layer 
of a dead-black lamp-black mixed with a little shellac. The explosion chamber 
was fitted with a fluorite window, outside of which was fixed a resistance- 
bolometer, made of a blackened platinum strip, for measuring the radiation 
emitted. 

The results showed that the total energy radiated during and after the 
explosion amounted to about 26 per cent, of that represented by the grosa 
calorific value of the gas biumt; howbeit, only one-seventh of such total 
radiation was emitted duriffe^e actual explosion, up to the attainment 
of the maximum pressure. Dhbsequently W. T. David showed that in all 
probability the radiation emitted in such explosions mainly consists of the 
same two bands in the infra-red (4*4 and 2*8 (t respectively) as are emitted 
by an ordinary Bunsen flame. Of these the 4-4 (ji band is due to incipiently 
formed (or forming) COg molecules, and the 2*8 band to incipiently formed 
(or forming) UgO molecules. 

Very little is definitely known as yet concerning the influence of temperature 
and pressure upon the radiation emitted during gaseous explosions. The 
British Association Ghia Explosions Committee were content merely with 
saying that “ within moderate limits of pressure, the radiating and absorbing 
power of a flame per unit thickness at a given temperature and composition 
should vary directly as the pressure or density.” And, in regard to tem¬ 
perature, they remarked that, although Nemst had deduced that the radiation 
varies as the fourth power of the temperature, “his conclusion was most 
severely criticised by Lummer, Fringsheim and Schaefer, who explained that 
the radiations were quite different from that of a black body, and that the 
quality of the radiation was little, if at all, affected by pressure up to four 
atmospheres.” Also they pointed out that, according to Planck’s formula for 
a single wave-length, the rate of variation " is much lower than the fourth 
power law, and tends in the limit to be directly proportional to the absolute 
temperature at high temperatures,” and therefore, “ the actual rate of variation 
should lie between these limits, but nearer to Planck, unless earbon begins to 
separate in rich mixtures at high temperatures” 

As long ago as 1868 B. Frankland observed that in general the luminosity 
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of flames increases with pressure, and subsequently Liveiug and Dewar con¬ 
nected the phenomenon with an increase in the intensity of the continuous 
spectrum with pressure, which they showed is proportional to the square of 
the pressure. They inferred that “ the brightness of a continuous spectrum 
depends mainly on the mutual action of the molecules of the gas,” and added 
that in every case the prominent feature of the light emitted by flames at 
high pressures appears to be a strong continuous spectrum. There is not 
the slightest indication that this continuous spectrum is produced by the 
widening of the lines, or obliteration of the inequalities of discontinuous spectra 
' of the same gas at lower pressures.” 

There is already a good deal of evidence that radiation functions more in 
gaseous explosions than merely as dissipating a considerable part of the energy 
liberated ; indeed, it may well be that it plays an important rule in initiating 
the chemical changes commenced by activating ” the participating gases. 

During the researches which we have carried out in recent years at the 
Imperial College, London, in conjimction with Dr. D. T. A. Townend, results 
have been obtained on exploding CO-air mixtures at high initial pressures 
which seem best explained on the supposition that, in such circumstances, 
nitrogen absorbs part of the radiation emitted by the burning carbonic oxide, 
being thereby ” activated ” and rendered capable of combining with any excess 
oxygen present forming nitric oxide. 

The outstanding facts, in connection with such explosions are:—(i) that, 
contrary to aU other coses yet examined^ progressive increases in the initial pressure 
between 10 and 176 atmospheres caused a progressively increasing time-lag ” 
in the attainment of the maximum pressure; (ii) that as soon as such ** lag ” 
first became manifest, and for a considerable range of initial pressure thereafter 
(10 to 26 atmospheres), it was always accompanied by a marked exothermic 
effect during the ” cooling period ” without any appreciable lowering of the 
” corrected ” value, and (iii) that when more oxygen was present than 
that required to bum all the carbonic oxide, a secondary NO-fonnation occurred 
which was favourably influenced by increasing pressures, and at high initial 
pressures it considerably exceeded that corresponding with a merely thermal 
equilibrium in the system 2NO at the maximum explosion 

temperature. 

AU these facts, and some others connected with CO-air explosions under 
pressure, may be explained on the supposition (i) that in a CO-o^gen explosion 
the radiation emitted is absorbed by the combustible gas which is thereby 

activated ” so as to be capable of combining directly with the oxygen, 
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(ii) that when nitrogen is present as a “ diluent,” as in a GO-aii explosion, part 
of the radiation emitted is intercepted and absorbed by the nitrogen so that 
the rate of activation of the CO molecules is retarded, producing the observed 
“ lags ” in the attainment of maximum presaure, and (iii) that the nitrogen 
so “ activated ” Miher (a) in absence of excess oxygen, reverts gradually to 
the ordinary state during the “ cooling period,” liberating as heat the equivalent 
of radiant energy which it absorbed during the explosion period, or ( 6 ) when 
excess oxygen is present, combines gradually with it forming nitric oxide. 

According to this view, such NO-formation is a secondary phenomenon, 
dependent upon a previous Nj-activation. It presumably requires an appreci¬ 
able time, and therefore may not always begin, or be recognisable, during the 
actual “ explosion period.” In such cases it would occur wholly during the 
succeeding “ cooling period.” On the other hand, at high initial pressures it 
may begin during the explosion period, i.e., before the attainment of maximum 
pressure, and continue into the “ cooling period.” And, from the results of 
our previous bomb experiments at various initial pressures,* it was concluded 
that under such conditions no appreciable secondary NO-formation would 
begin during the explosion period in a CO-air explosion unless the initial 
pressure exceeded 25 atmospheres or thereabouts. 

Having arrived at such conclusions from experiments in which the observa¬ 
tions made were chiefly pressure-time records supplemented by chemical 
analyses, it was thought desirable to carry the matter a step further by seeing 
what a spectrographic analysis of CO-air, etc., explosions might reveal. This 
meant the designing of an explosion chamber with quartz windows specially 
adapted for the spectrographic examination of explosion flames. Thanks 
to generous aid from the Advisory Council of the Department of Scientific 
and Industrial fiesoarch the necessary financial provision was forth¬ 
coming, and we were able to install the new apparatus and begin the experi¬ 
ments about two years ago, since which time the work has been continuously 
in progress. The present paper contains a first instalment of our results 
relating to 2 CO + 0 , xB, explosions (where B 3 = 0 ,, CO or N,) at initial 
pressures between 10 and 25 atmospheres. 

Apparatus. 

( 1 ) The New Cylindrical Bomb No. 4. • 

The new cylindrical bomb used in out spectrographic experiments is shown 
diagrammatically in fig. 1. It was made out of a nickel-steel forging by Messrs. 

* ‘ Roy. Soo. Proo.,’ A, vol. lOS, p. 406 (1024). 
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Annstrong Whitworth & Co., Ltd., of Newcastle-on-Tyne, and we desire now 
to thank Sir Albert 6. Hadcock, F.B.S., their Managing Director, for his kind 


EiKt v\ew ahowkns 
arrangement of 
side openings 

help and advice in connection with its design. Its principal dimensions are ;— 
overall length, 1 metre; external diameter, 20 cma.; internal length of 
explosion chamber, 80 cms.; diameter of explosion chamber, 6 cms.; capacity 
of explosion chamber, 2 litres. 

The bomb AA is mounted horizontally on a cast iron stand BB pivoted at 
the centre C so that it may be rocked. It is closed at the ends by the steel 
plugs DD. There are two pairs of such plugs, one pair carrying quartz 
windows, and the other pair being blank. 

The way in which the quartz windows A are fitted into the plugs is shown in 
fig. 2. Each window is formed out of a perfectly clear ujistraincd circular 
piece of quartz 2-5 cms. long, ground with a slight taper so 
as to fit accurately into a similarly tajiered opening of the 
plug, the joint being made tight by a steel collar B and 
asbestos packing. It was found that windows so fitted are 
capable of withstanding the shock of explosions in which 
presBiires of up to 400 atmospheres are suddenly generated, 
and that the joints so made between quartz and steel are 
perfectly gas-tight under such conditions. 

In addition to such plugs and windows for screwing into 
each end of the explosion chamber, there are also (a) an 
inlet valve, and (b) a special pressure gauge of the Petavel 
type, either of which can be substituted for them as and 
when required. Pio, 2. 

Along the barrel of the bomb are throe side openings 

—one in the middle, and one about 10 cms. from each end—into which 
can be screwed either an inlet valve, or an ignition plug, or a subsidiary 
quartz window plug, or a blank plug, according to experimental requirements. 




F 



Fio. 1. 
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In making-up and firing an explosive mixture in tlie bomb, each constituent 
is separately introduced, through a PjOs dr 3 ring-tube, by means of the admission 
valve P, perfect mixing being subsequently ensured by rolling a 1 • 6 cm. diameter 
steel ball many times to and fro along the whole length of the explosion chamber. 
Ignition is effected by the fusion of a thin platinum wire in the firing plug. 

(2) Tlw SpedlrograjJi. 

k Ej-quart* spectrograph, fitted with a Cornu prism, and having a 

dispersion of 20 A.XJ. per ram. at 3110, has been used throughout the experi¬ 
ments. In carrying out an experiment, the slit of the spectrograph was placed 
close to the qtiartz window in one of the end plugs of the explosion chamber 
of the bomb, no intervening lenses or diaphragms being necessary. For 
reference purposes an iron-arc spectrum was usually photographed on each 
plate, the arc being placed in front of a similar quartz window fitted into the 
other end of the explosion chamber so that no change was made in the relative 
positions of the bomb and spectrograph. In cases where the spectra of two 
successive explosions were being photographed on one plate, a Hartman 
diaphragm was used, thus obviating the necessity of moving the plate between 
the two explosions. The exact parallelism of the jaws of the slit of the spectro¬ 
graph was verified at the outset of the experiments. 

Expebimkhtal. 

(1) On the Fwmalion of Oxides of Nitrogen in CO-Excess-Air Exjdosions at 

High Initial Pressures. 

The object of these experiments was to ascertain spectrographically whether 
or not the marked formation of nitric oxide observed when a mixture of carbonic 
oxide with excess of air is exploded at an initial pressure of (say) 26 atmospheres 
occurs during the actual “ explosion period,” i.e., before the attainment of 
maximum pressure. 

For this purpose a mixture of two volumes of carbonic oxide with volumes 
of air was exploded in the bomb at an initial pressure of 25 atmospheres; the 
arrangement of the apparatus was as shown in fig. 3, the explosion-chamber 

j Direction uf explosion flame i 



Fio. 6. 
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being fitted with a quartz window (W 1 W 2 ) at each end. The explosive mixture 
was fired at the end of the explosion chamber nearest the spectrograph S and 
window by the fusing of a thin platinum wire in the ignition plug I; the 
resulting spectrogram would therefore record the radiation from the explosion 
after it had traversed the hot but gradually cooling products. 

On observing the explosion through the window W^, a bright orange-coloured 
flame could be seen travelling along the explosion chamber followed immediately 
by a red glow which persisted for some time after the flame had ceased. On 
afterwards examining the cooled products by transmitted light they were 
seen to have a deep red colour, and subsequent analjrsis showed them to contain 
2*8 per cent, of nitrogen peroxide. 

Immediately before and after exploding the mixture in question, spectrograms 
(Plato ], A and G) were taken of an ordinary CO-flame burning in air from a 
jet placed at J in front of window W 2 , so that the radiation from it was con¬ 
verted by the quartz lens L into a parallel beam which then traversed eith/ef 
(a) the explosive mixture at 26 atmospheres pressure or (6) the explosion 
products reduced to 1 atmosphere pressure before reaching the spectrograph 
as the case might be. In this way, the three spectrograms A, B, C were all 
obtained on the same plate, namely:— 

Spectrogram A, of the radiation from a flame of unified CO burning in air 
at ordinary pressure after it had traversed the cold unexploded CO-air 
mixture at 25 atmospheres pressure in the explosion c^hamber of the 
bomb. This shows the familiar continuous spectrum between 4400 and 
2300 A.U. together with steam lines in the region of 3089 A.U. 

Spectrogram B of the radiation from the 2CO -f 6^ air explosion in the bomb 
at an initial pressure of 25 atmospheres. This shows the continuous 
CO-flame spectrum between 4400 and 2800 A.U., but neither “ steam 
lines ” nor any sign of NO-linos or NO 2 bands. 

Spectrogram C of the radiation of a flame of unified GO burning in air at 
ordinary pressure after it had traversed the cooled explosion products 
whose pressure had been reduced to 1 atmosphere by opening the valve 
F.* It shows the characteristic NOg-absorption bands overl 3 dng the 
continuous CO-flame spectrum, as well as some steam lines ” in the 
region 3089 A.U. 

* It was neoessaiy to blow of! the surplus pressure of the gaseous produote in the bomb 
at this juncture, otherwise no appreciable radiation from the CO-flame would have been 
tTansmitted through them owing to their high N02'Oontont>. 
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The lesultB of this experiment prove that, in the given circumatanceB, (a) 
the CO in the mixture exploded was burnt without the inUrvenUon cf deam, 
(6) no appreciable NO was formed during the “ explosion period,” or indeed 
whilst radiation of wave-length shorter than 4400 A.U. was being emitted, 
although (c) NO, was abundantly produced at some later period. 

In order to gain some idea of the mean maximum temperature attained in 
the foregoing explosion, another experiment was made with the same mixture 
at the same initial pressure; but instead of taking a spectrogram as in the 
former case, a pressure-time record was taken by means of a modified Petavel 
gauge, as follows 

Initial Pressure = 25 atmospheres 
Maximum Pressure — 160 atmospheres 
Mean Maximum Temperature = 2120° A. 

According to Nemst's calculation, the proportion of NO in thermal equili¬ 
brium with a system 3-8 N, -j- 0, (air) at 2120° A would be 0*8 per cent, only, 
whereas in our experiment no less than 2*8 per cent, of it was found in the 
cold products. This difference is all the more remarkable when it is considered 
that in our experiment almost four-fifths of the oxygen in the air originally 
present had been consumed by the carbonic oxide before any NO-formation 
began. 

(2) Explomns ofCO + N,0 o«d CO + N,0 NO mixtum. 

In order to be quite sure that if any NO had been formed during the “ explo¬ 
sion period ” in the foregoing experiment, evidence of it would have been shown 
in the spectrogram, we next took comparative spectrograms of the explosions 
of mixtures corresponding with 

(o) CO + N,0, and (6) CO -f- N,0 -1- NO 
when fired in the bomb at initial pressures of 6 and 9 atmospheres respectively. 
These are reproduced in Plate 1, D and £ respectively, both exploBi(Hi8 being 
extremely violent almost to “ detonation.” 

It will be seen that D shows an intense continuous CO-flame spectrum, on 
which appear two absorption lines at 3248 and 32t4 A.U. respectively. These 
are undoubtedly due to copper, traces of which may occasionally get into the 
bomb from the long narrow-bore copper tubes of the filling system. In the 
case of £, where the mixture exploded initially contained NO, a series of 
regularly distributed absorption bands is superposed on the continuous 
CO-flame spectrum. 


= 9*45 sec. 
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For purpoflea of comparison, wa reproduce in Plate 1, P, the emission spectrum 
obtained when nitric oxide is excited in a ** vacuum tube by a high tension 
alternating current; it is identical with that given by either nitrous oxide or 
nitrogen containing traces of oxygen in similar circumstances. It will be 
seen that it differs both in wave-lengths and their distribution from the absorp¬ 
tion bands shown in E. Prof. A. Fowler, F.B.S., has been unable to identify 
the latter with any known banded-spectrum. And inasmuch as in our experi¬ 
ments these unknown bands have been observed only when nitric oxide has 
been present in the CO-mixture exploded, but never in either a CO-air or a 
CO + NjO explosion at high initial pressures, they would seem to be due to 
nitric oxide under the conditions of the extremely high temperatitres and 
pressures generated in our explosions. 

Measurements of the bands in question are tabulated in Table I. Owing 
to the fact that many of the bands are faint, and all are broad and ill-defined 
(possibly due to pressure), the wave-lengths are subject to a probable error of 
3 to S A.U. The intensities are estimated on a scale of 3 for the brightest 
bands to 0 for bands of which a trace only is visible on the negative. The 
distribution of the bands is regular; considering the approximate character 
of the wave-numbers, the analysis given in Table II indicates that they form 
part of a definite banded spectrum of molecular origin. 


Table I. 


Wavc-longth. 

Intenaity. 

Ware number. 

3835 I 

1 

26,077 

3120 { 

0 

20^1 

3680 

.3 

87,178 

27,47* 

3640 

0 

3680 

0 

27,931 

.3545 

3 

28,209 

3500 

2 

28,569 

29,070 

3440 

0 

3405 

3 

29,369 

3370 

2 

29,674 

3290 

0 

80,395 

3255 

1 

30,720 

3220 

1 1 

31,056 


Table IL 


31C66 

m 

0> 

mi 

29674 

305 

(8) 

1106 

28609 

300 

<a) 

1097 

27472 

299 

(0) 

90720 

325 

(1) 

1351 

22369 

299 

(») 

im 

28209 

273 

(«> 

1036 

27173 

292 

(8) 

a0305 (0) 

VOL. OXV.—A. 

im 

29070 

(0) 

1139 

27931 

(0) 

1050 

26881 

a 

(0) 
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3 .—On the AbsorjMon by Nitrogen or Carbonic Oxide of the Ultra-Violet Radiation 
from a 2CO + 0^ Explosion under Pressure. 

Evidence that either nitrogen or carbonic oxide will strongly absorb the 
radiation emitted during a 2 C() -f- Oj explosion under pressure was forth¬ 
coming from the experiments described in this section of our paper, in which 
photometric measurements were made of the comparative densities on 
the same plate of the spectrograms from explosions of 2CO -f O 2 + SR 2 
mixtures (where Rj = Oj, CO, or Nj—i.c., all diatomic diluents) all at an 
initial pressure of 13*7 atmospheres, the results of which will now be detailed. 

Experimental procedure .—Briefly the experimental procedure was (i) to obtain 
a spectrogram from each of the three explosions in question (R 2 — Og, CO or 
N 2 respectively) on one and the same plate, and afterwards (ii) to measure 
their relative densities at certain selected wave-lengths. 

The actual explosions were carried out in the bomb as already described 
except that they were fired from the end remote from the spectrograph so 
that in each case the radiation emitted by the flame would have to traverse 
the unbumt mixture in front of it before reaching the spectrograph. As a 
matter of fact, however, the results of some comparative experiments, under 
the same conditions except that the explosion mixtures were fired at the other 
end (i.e., nearest to and the spectrograph), showed that it was immaterial 
from which of the two ends firing took place. Three successive explosions 
were made with (i) 2C0 Oj + SOj, (ii) 2C0 + Oj + 6 C(), and (iii) 2CO -f 
O 2 + 6 N 2 mixtures, respectively, at the same initial pressure, the resulting 
spectrograms being taken on one and the same plate. Between each successive 
explosion both of the quartz windows were removed and very carefully cleaned 
before being replaced in the bomb. 

We would here point out that in the explosions referred to always the same 
absolute quantities of carbonic oxide and oxygen combined at the same initial 
pressure, in the same bomb, yielding products containing the same proportion 
of carbon dioxide and a diatomic diluent, the densities and thermal capacities 
of the three media being almost equal. 

In such circumstances it seems reasonable to suppose that the radiation 
originally emitted by the combining molecules during combustion would be 
qualitatively and quantitatively the same in each case, and, therefore, that 
any diSoronces in the relative densities of the resulting spectrograms would 
be due, not to differences in emission, but to differences in the subsequent 
absorption by the medium of the radiation originating during each explosion. 
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Metmiremerd of rdative spectrogram-densities .—The densities of the spectro¬ 
grams were measured by means of a comparison photometer fitted with a 
standard optical wedge and photo-electric cell, the density of the image being 
given on the instrument directly by the scale reading.* 

The general principles involved in comparing intensities by photographic 
methods have been fully discussed in a recent communication to * Nature 'f by 
Dr. Toy, with whom we conferred aht)ut the matter. Where conditions permit, 
the photographic plate is used solely as a ileteetor of equal intensities of the 
same kind of radiation, the only assumption Ixdiig that “ on adjacent portions 
of a plate, radiation of the same intensity, of the saiue quality, acting for the 
same time, will produce the sawc effect when the plate is developed.” 

When the intensity and quality of the radiation and the time of exposure 
vary, a knowledge of the oharacteristies of the phot6graphic plate is necessary ; 
this is obtained by a e^aliluatiou of tli(‘ f)lHte using radiations of known wave 
lengths. 

In experiments in which the radiation to be measured originates from the 
explosive combustion of gaseous mixtines of different composition, both the 
intensity of radiation emitted and the time taken for (iomplete combustion 
may vary. It should lu? noted, howwer. that in the mixtures investigated 
by us these quantities arc of the same order, a fact which considerably facilitated 
calibration. 

It should also l>e mentioiujd that, siijc<* in all the expcritruuits now to be 
described the same amount of combustible gas was burnt under approximately 
the same pressure conditions, the quantity of radiation emitted would presum¬ 
ably be constant, and that consequently the product of the intensity of total 
radiation and time of combustion (exfK)siire) would also be (*onstant. 

The calibration of our plates therefore included a careful determination of 
the value of “ p ” (the so-called »Schwa^^schiId^H eonstant), in the expression 
D = It** for radiations of wave-length 3400, 38(K> and 4200 A.1.1. The plates 
used in all intensity determinations were W. and W. Bapid 250 H, and D., and 
we were able to satisfy ourselves that the value of “ p ” for these plates 
remained substantially constant for the range of intensities and times of 
exposure obtaining in our experiments. The constancy of “ p ” under thes»; 
conditions has been shown by the work of Jones and Huse^ who recorded a 

* The instrument used was that employed by the British Photographio Research Assooia- 
tkm, and we wish to express our thanks to Dr. T. Slater Price and to the Association for 
planing the instrument at our disposal and for advice in making the measurements. 

t * Nature,’ January 10,1926. 

1: ‘ J. Opt. Soo. Am.; vol. 2. p. 1923 (1935). 
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maximum variation of 3 per cent, only for a typical rapid plate over the same 
range of intensities. 

In cotn])aring the intensities of radiation emitted during the explosions of 
the different gas<M[>U8 mixtures, the respective spectrograms were always taken 
on the same plate in neighbouring positions near the centre and within short 
intervals of one another, thus eliminating any errors due to development or 
to variations in the quality of the emulsion. No attempt has been made to 
comj)are sjMJctrograms not on the same plate, although the conditions of 
development have been kept as nearly constant as possible throughout the 
research. 

In fig. 4 density measurements for the comjdete ultra-violet spectrum of a 
typical (»nrl)on monoxide-air (‘xplosion at an initial pressure of 26 atmospheres 



Pia. 4, 

are plotted against distance from a given datum line on the negative. The 
rapid increase of density to a maximum in the neighbourhood of 6000 A.U. 
is observed in all such curves, and is due to the increasing sensitiveness of the 
plate with diminishing wave length in this region. The true maximum for 
the explosion would be at about 4*6 p in the infra red. Over the region of 
uniform sensitiveness of the photographic plate the density of the spectrum 
shows a gradual falling off, and at 2500 A.U. it is almost negligible. All 
measurements of intensity have been made from that portion of the density 
curve lying between the two vertical lines aa' and W (t.e., between 4400 A.U. 
and 3200 A.U, approximately). 
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Experimental restdts. 

(1) With 2C0 +0)5 + 6/?j Mixtures .—^The cluiractor of the results obtained 
in these comparative experiments will be imdorstood from Table III and the 
curves shown in fig. 6. 


Table III.—Comparative Intensities of Rtuiiations resulting from Explosions 
of Mixtures 2C0 + Oj H SRg, where R = N 2 , CO and Og, respi'etivcly. 


Wuvc-lcngtli A.U. 

2CO \ Ua diluted with— 

no,. 

5tX). 

5Na. 

440*) 

1(H) 

58-0 

53 0 

4300 

!)8 5 

57*8 

52*8 

4200 

87-2 

57*8 

52 2 

4100 

80 0 

r>(i fi 

51*2 

1000 

75*8 

55 8 

50‘8 

:)0(N) 

70 2 

,40 

40 0 

3800 

05 0 

.W-!) 

47*0 

3700 

(53-3 

40-8 

46*8 

Temp. 

2020 

2220 

1865 



Table HI shows the relative intensities of the radiation at various wave 
lengths between 4400 and 3700 A.U. resulting from explosions of the three 
2CO + Oj + 6R mixtures (whore R -- 0*. (X), or Ng, respectively) at an 
initial pressure of 13*7 atmospheres in each case. As a basis of com- 
potuon the intensity of the 4400 A.C. radiation from the explosion of the 
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2C0 4* + 5 O 2 mixture is taken as 100, all other intensities being 

expressed as percentages of the standard. An estimate of the maximum tem¬ 
peratures attained in the three explosions in question is included in the Table. 

It will be seen, both from Table 111 and the curves shown in fig. 6 , that 
the intensity of the radiation resulting from the 2 CO + 0^ 6 O 2 explosion 

was, at all the wave lengths compared, very much greater than for either of 
the other two explosions whore the “ diluent ” was carbonic oxide or nitrogen. 
This marked difference cannot be attributed to any difference in flame-tem¬ 
perature, because from T'able 111 it will be seen that the maximum temperature 
attained in t\w 200 + 0^ + SCO explosion was about 200° C. higher than in 
the 200 + Og + SOg, which in turn was higher than that attained in the 
2C0 + Og I 6 Ng explosion. 

Whilst there is nothing in the experimental data to show how much (if any) 
of the ultra-violet riuliation from tlus 2CO Og explosion was absorbed by 
the 60g-diluent in the first experiment, it is difficult to resist the conclusion 
that a considerable part of su(*h radiation was absorbed by the 500- and the 
SNg-diluents iii the other two experiments. 

( 2 ) With 2C0 4 Og 4 Mixtures.- In view of the foregoing conclusion 
it seemed of iiit(»rest now to <Jompare the intensities of the radiation resulting 
from 200 *| Og (^x])loHions when similarly diluted with progressively increasing 
proportions of oxygen, carbonic oxide and nitrogen respectively. For this 
purpose exidosions of mixtures of the type 200 4- when a; = 4, 6 

or 5^ and Rg = Og, CO or Ng, were studied. 

The partial pressure of the (200 + Og) detonating mixture in all experi¬ 
ments was 5-14 atmospheres, so that the 2C0 4 Og -f- 4Rg mixtures were all 
fired at an initial pressure of 12 atmospheres, the 2 C 0 f- Og 4 BR 2 niixtures 
at 13*7 atmospheres, and the 200 + Og + SJRg mixtures at 14*6 atmospheres, 
respectively. 

The results of the experiments are detailed in Table IV. It should be under¬ 
stood, however, that inasmuch as three different photographic plates were 
used, namely, one for the oxygen-series, another for the CO-series, and a third 
for the Ng-series, the results are not strictly comparable as between the three 
different series, but only within one and the same series. The basis of com¬ 
parison in each series was the intensity of the radiation at 4400 A.U. emitted 
during the 200 4- ^^2 I" explosion of tliut series. These experiments 
bring out very well the marked difference between the relative diminutions 
in radiation intensity, at all wave lengths examined, resulting from increasing 
Og-dilution on the one hand, and from similarly increasing CO or Ng dilution 
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on the other. There was no great difference, however, between the effects of 
the two latter, although at all except some of the shortest wave lengths a given 
dilution with nitrogen had a greater effect than the same dilution with carbonic 
oxide. 


Table IV.—Comparative Intensities of Radiation resulting from Explosions 
of 2CO + O 2 + a5R2 Mixtures where R = Oj, CO or N 2 » and 
X = 4, 5 and 6J, respectively. 


2(^{) I- Oa diluted with— 


Wave- 

l^i^h 

Oxyi^pn. 

(.^arhon Moiioxidt*. 

Nitrogen. 


a* - 5. 

X ^ 5i. 

^ 4. 

X 5. 

X- 51. 

J- -- 4. 

X 5. 

X --5J, 

4400 

100 

60 0 

60*4 

100 

395 

36*2 

100 

30 0 

.30*0 

4300 

06-2 

(^‘2 

03 >2 

0*1 •() 

39 t 

30* 1 

99*5 

35*8 

20-0 

4200 

88 >0 

60-0 

67*8 

87*5 

39 1 

35*9 

99*0 

36*5 

29*8 

4100 

82'8 

65 >0 

53*2 

81 0 

38 0 

35.3 

060 

35*0 

20*5 

4000 

70-8 

522 

48-6 

74 2 

38*0 

31-8 

00*0 

34*2 

29*3 

3000 

707 

4!l-() 

45*4 

07*5 

37 0 

33*8 

82*5 

33*5 

28-0 

3S00 

054 

40 0 

42 0 

00*0 

35*5 

32*7 

70 0 

32 5 

28*4 

3700 

00-6 

43 8 

40-3 

52*5 

33*0 

31*4 

09*5 

32*0 

27*5 

3000 

56-0 

41 0 

38*1 

40*2 

32*0 

.30 0 

05*0 

31*4 

20*6 

3500 

51-7 

30 0 

36*5 

41*0 

30*5 

29 0 

56*0 

30 7 

25*0 

3400 

47 •« 

, 381 

35*0 

30*5 

29*4 

28 0 

50*5 

30*3 

26*0 

3300 

44*7 

37 2 

33 0 

33 0 

28*0 

27*4 

44*5 

30*0 

24*5 

3200 

410 

! 30*0 

33 0 

30 0 

27 5 

20*7 

30*0 

20*5 

24*1 


(4) Comparison of Ultra-Violet Badialion^InieiiisUies from 200 + 02 + 4^^3 
and 200 + Og + 600 Exphsimis both developing the sanw Maximurn 
Temperature. 

In the course of the investigation it was fuimd that if a 2(1!0 + Og detonating 
mixture at 6*14 atmospliercs were diluted with either 4 N 2 or 5C0, respectively, 
and the resulting 2C0 + Og + 4 N 2 and 2C0 + Og + SCO mixtures exploded 
in the bomb at initial pressures of 12-0 and 111-7 atmospheres, respectively, 
so that precisely the same amount of carbonic oxide and oxygen combined in 
each case, the same maximum flame temperature (estimated to be as nearly 
as possible 2600^ A) was attained in each explosion. Therefore it seemed 
of interest to compare the intensities of the ultra-violet radiation resulting from 
the two explosions. Accordingly the experiment was carried out with the 
results shown in Table V, the basis of comparison being the intensity of the 
radiation at 4400 A.U. emitted during the 2C0 + O 2 + 4Nt explosion. 
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Table V.—Comparison of Intensities of Radiations from Explosions of Mixtures 
2CO + Oj + 4Na and 2C0 + O 2 + 600, respectively, both developing 
the same Maximum Temperature. 


Wavo-longth A.U. 

2CO -f- Oj 

diluted with— 

2 ? 

5CO. 

4400 

100 

38 I 

42(M> 

0 tt*2 

30 5 

4000 

91-5 

35 0 

3000 

80-1 

33*5 

.3H()0 

7.3 0 

:<2'8 

;i7oo 

(54 5 

32A 

3(KX) 

57*4 

31-7 

3500 

50*2 

31-3 

3400 

43 2 

:k) \ 

3300 

37*6 

20*2 

3200 

35 0 

2(i-5 


Judging from these results it does not seem as though maximum tenii)crature 
had much to do with the resulting ultra-violet radiation intensity, but rather 
that it was determined by the relative absorptive (capacities of the 4 N 2 and 6C0 
diluents, the latter (partial pressure = 8-6 atins, when cold) absorbing more 
than the former (partial pressure — 6*9 atms. when cold). 

We think that this experiment shows very well the strongly absorbing power 
which carbonic oxide has for the ultra-violet radiation from its own combustion. 
And it may be added that this feature was also shown in another pair of experi¬ 
ments in which the ultra-violet radiation resulting from 2C0 + Og -f 4C0 and 
2CO + O 2 + explosions at initial pressures of 12*0 and 16*4 atmospheres 
respectively (i.c., partial pressure of the 2CO + Og = 6*14 atms. in each case) 
were compared on the same plate. The first named explosion (i.e., of the 2CO 
+ 02 + ^^0 mixture) gave a spectrogram of considerable density between 
4400 and 2900 A.U., but the radiation resulting from the second explosion 
(i.c., of the 2C0 + 02 +- 6CO mixture) was hardly strong enough to produce 
any image on the photographic plate. 

( 6 ) The Effects of Monatomic DilwMs upon the IJUra-VioUi Radiations frmn 
WO + O 3 Explosions at High Pressures. 

We have also compared the intensities of the resultant ultra-violet radiation 
from 2CO + Og + 4Ar or 2CO + Og + 4He explosions with that for a 
200 + O 2 + 4 N 2 explosion, all at the same initial pressure of 14 atmo¬ 
spheres. The results are summarised in Table VI, the standard of comparison 
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being the intensity at 4200 A.U. of the resultant radiations from a 2UO + 0, 
+ 4Ar explosion. 

It should be here mentioned that the explosions were much more violent 
and the maximum temperatures attained much higher with the argon- and 
helium-diluted mixtures than when nitrogen was the diluent. The 
temptTature attained would be approximately 2790° in the Ar-diluted, 2660° 
in the He-diluted, and 2230° Cent, in the N2“diluted explosion; in the first 
two cases, however, the percentage CO2 dissociation at the maximum tempera¬ 
ture would be about 16, but in the last case about 6 per cent. only. 

From the comparative results shown in 'lablo VI, it will bo observed tlmt 
the intensity of the resultant radiation from the 2CO + Og + 4Ar explosion 
was decidedly greater than that for the 2CO *1 Og 4IIe explosion over the 
W'holo ultra-violet range. It thus seems as though argon has a specific influence 
upon the emission and/or absorption of radiation during a 2CO -f O2 explosion 
wliich an lupiivalent amount of helium either does not exert at all or only in 
a much lesser degree. Also, os was anticipated from our previous ex])criments 
with CO-air mixtures, the resultant radiation from the 2CO + O2 + 4N2 
explosion was much feebler than even of that from this 2CO + Oj + 41Ie 
explosion at the same initial pressure. 

Tabic VI,—Comparative Intensities of Radiations from Explosions of (^arbon 
Monoxide-Oxygen (2CO + O2) Mixtures, diluted with Argon, Helium, and 
Nitrogen respectively. 


\Vavu-loiigili8 A.r, 

200 ^ Og diluted with— 

4Ar. 

4Ho. 

4N,. 

4200 

1(KI 

— 

12 < i 


83 


11-7 

3800 

61*7 


9*8 


44*8 


8-4 

:muo 

.31*4 


(>r» 

3200 

22*5 

10*4 

0-1 

Temp. *C. 

2790 

2600 

2230 

1 


Sunmhary. 

The experiments described herein liave shown that: - - 

(1) The resultant ultra-violet radiations from 2CO-j-0, 4R explosions 
at corresponding high initial pressures, where R » a diatomic diluent, is 
much less when the latter is carbonic oxide or nitrogen than when it is oxygen; 
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this result indicates that carbonic oxide or nitrogen strongly absorbs the ultra¬ 
violet radiation emitted by the burning carbonic oxide in such circumstances. 

(2) The absorption referred to is general, though not uniform, over the 
ultra-violet range A.U. 4400 to 3200^; and although there are no absorption 
bands or lines, the absorption is proportionately stronger at lower than at 
higher frequencies. 

(3) The marked NO-formation which always occurs in a CO-oxcess-air 
explosion at an initial pressure of 25 atmospheres does not take place during 
the actual combustion, or indeed until after all the resulting radiation capable 
of affecting a sensitive photographic plate has been emitted. 

(4) When NO is present during the actual combustion period in a 
CO-explosion, a definite absorption baud spectrum is superposed upon the 
characteristic continuous ultra-violet spectrum of the burning carbonic oxide. 

(5) The resultant ultra-violet radiation from a 2CO *1 Oj + 4Ar explosion 
at an initial pressure of 14 atmospheresis very much stronger than that from a 
2CO + Oj + 4IIe explosion at the same pressure, although the maximum 
temperatures attained in the two cases differ by 130° C. only. 

The results referred to in (1),(2) or (3), whilst generally supporting the view 
that either carbonic oxide or nitrogen is “ activatf»d ’’ by the radiation emitted 
by burning carbonic oxide at high pressures, indicate that in the case of nitrogen 
such “ activation ” is of a lesser degree than that involving the formation of 
the “ active ” form of nitrogen discovered by the present Lord Rayleigh. Also, 
the results of the investigation generally show that tlie intensity of the ultra¬ 
violet radiation from the explosions in question depends on the maximum 
temperatures only in a subordinate degree. 

We propose extending these spoctrographic investigations to a study of 
the infra-red radiation emitted during such explosions as are described herein, 
and in other directions. Also, we have designed a new bomb which will enable 
us to undertake a systematic study of gaseous explosions at initial pressures 
between 200 and 1000 atmospheres, which will form the next section of our 
programme. 

In conclusion we desire to thank the Department of Scientific and Industrial 
Research for grants out of which the cost of the bomb and spoctrographic 
apparatus was defrayed, and which have also enabled one of us (D.M.N.) 
to devote his whole time to the research; moreover, we aro indebted to the 
Government Grant Committee of the Royal Society for a grant out of which 
part of the incidental expenses of the work has been defrayed. ' 
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An Investigation of the Rate of Growth of Crystals in Uiffererd 

Directions, 

By MisH Maui£ Bentivoolio, D.Phil. (Oxon) (1861 Eidiibitiou Scholar). 

(Communicated by Sir Henry Miora, F.R.S.— llet^oivcd May 7, 1920. Ueviaed* 

February 3, 1927.) 

T. -Introduction. 

The present investigation (if the rate of growth of crystals in different directions 
was originally suggested by a jjap^^r by G. Wiilfft on the velocity of growth 
and dissolution of crystal faces. 

Wulff carrii'd out an (jxkuisive series of experiments with “ Mohr’s Salt,” 
irou-aminoniuiu sulphate, Fe(NH 4 ) 2 (iS 04 ) 2 . 6 H 2 O, growing a crust of this 
salt on a nucleus of tlje less soluble isomorphons isinc-animoniuin sulphate, 
Zn(NH 4 ) 2 (S 04)2 • OH^O, wliich was introduced into a saturated solution of the 
former salt. He measured tht 5 tlnckn<‘ 8 s of the crust deiiosited on various 
crystal faces, and found it to vary for different forms. As the thickness of the 
crust deposited represent(*d the amount of growth of each form, Wulff deduced 
numerical values for the V(‘l(x*jty of growth of the forms developed, taking as 
unity the rate of growth of r {201}, the slowest growing form obsiTved. 

Wulff then sought to establish a relation between the rates of growth of 
the various forms and their reticular densities, and on the assumption that the 
space lattice was of the simple (pseudo-) cubic type came to the conclusion that 
a low rate of growth corresponded, for the most part, to a high reticular density 
and vice versa. He pointed out that this conclusion agreed with the well-known 
fact that the faces most commonly occurring on a crystal arc those with simple 
indices and high reticular density; since rapidly growing faces (if formed at 
all) tend to become smaller owing to the extension of surrounding faces, and 
finally to disappear. 

The present paper is in great port concerned with an extension of Wulff s 
experimental work to other double sulphates. Experiments have, also been 
nmde to determine whether the initial habit has any influence on the rate of 

* Borne of the tables giving the detailed results of the experiments, which were 
originally included in the paper, aio here omitiod, the mean rveults only being given. 
Owing to the absence of the author in Austialia the revision involved lias been done by 
Prof. H. L. Bowman. 

t ‘ Z. f. Kiyst.,* vol. 34, p. 449 (1901). 
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growth of the various faces. The latter part of the paper deals with the question 
whether a polar crystal may grow at different rates at its two ends—a question 
which does not seem to have been examined experimentally, though unequal 
rates of growth liave been observed in microscopic crystals of triphenyl- 
methane.* 

It was hoped to discuss the results in relation to the reticular density of the 
faces; but until the actual space-lattices of the salts in question have been 
established by means of X-rays, such a discussion was felt to be premature. 

One of the chief difficulties hitherto encountered in the determination of 
relative rates of growth has been that of obtaining uniform results. The 
initial object to be attained was, therefore, an improvement of the experimental 
methods, and a method was finally evolved which is not only more generally 
applicable than that employed by Wulff, but is also more accurate and gives 
more constant values. It has also the advantage that the same crystal can be 
used repeatedly for a series of experiments, and this facilitates the study of 
changes in habit during growth. 

In considering the increase in size of a crystal, one must take into accoimt, 
as Wulff has shown, the two aspects of growth; firstly, as an advance of 
each face along its normal from its point of origin, and secondly, as a tan¬ 
gential growth resulting in the enlargement of the faces. This tangential 
growth (“ Ausbrei(amj ”) of a face may bo either positive or negative, and is 
dependent on the relative rates of the “ normal ” growth of that face and of its 
neighbours, and on the angles between them. In the present research the 
growth has always been determined along the normals, and the effect of this 
upon the relative sizes of the faces, i.c. on the habit of the crystal, has been 
obtained by construction. 


II.— Experimental. 

1. Material Used. 

Preliminary trials were carried out with octahedra of potash alum and cubes 
of sodium (*hlorate, to test the accuracy of the various experimental methods 
employed, but the substances selected for the research proper were the iso- 
morphous double sulphates of magnesium-ammonium, iron-ammonium and 
ma^csium-potasaium, of the general formula R"R' 2 (S 04 ) 2 . 6 H 2 O, belong¬ 
ing to the monoolinic system, the second mentioned being that which formed the 
basis of Wulff’s investigation. These salts were chosen as having suitable 
solubilities, and as being typical of this series of double sulphates and differing 
♦ H. B. Hartley and N. Garrod Thomas, - Trans. Chem. Soc.,’ vol. 89. p. 1019 (1906). 
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conwlerably in average habit. Moreoverr each salt commonly crystallises in 
two or three habits depending on the face on which the crystal rests during the 
early stages of growth ; and crystals varying in habit—^though exhibiting the 
same forms—^were expressly used to determine the relation between habit and 
rate of growth. 

The axes to which those crystals arc referred are as follows 

a : b \ G p 

Magnesium-ammonium sulphate 0*7400 : 1 : 0*4918 107° 6' 

Tron-ammouium Hulphutc .... 0*7400 ; 1 : 0*4960 106° 48' 

Magnesium-potassium sulphate 0*7413 ; 1 : 0*4993 104° 48' 

The crystals of magnesium-ammonium sulphate were either stoutly prismatic 
in habit, sometimes with a well-developed face of 6(010} as shown in fig. 1, or 
tabular parallel to a face of p{l Kt} with small faces of r{20l} and well marked 
faoea of ^{Oll} (fig. 2). 



o 


Fio. 1. Fig. 2. 

Magneaium-ammonium sulphate. 

The most characteristic habit assumed by Mohr's salt was that of flattened 
crystals, tabular parallel to the faces of f{S01} (fig. 3), while a few crystals 



Fig. 3, 


Iron-ammonium milphate. 
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were tabular parallel to o{001} (fig. 4), but r remained a predominant form and 
the prism zone was always weakly developed. 

Crystals of magnesinm-potassiurn sulphate were usually prismatic ; faces of 

a{100} were often developed, those of r{201} and 
5f{011} when present wore very small (fig, 6). The 
form which was small in the other salts, 

was almost always absent here. 

The form o{lll} was occasionally seen in crystals 
of Mohr’s salt, but it was very small and dis¬ 
appeared quickly with groM^/h, and it was never 
measiured. Rarely a small face of p'{120} was 
seen in crystals of magnesium-potassium sulphate, 
but this quickly diminished and disappeared on 
growth under the conditions of the experiments. 
For the experiments on polar crystals, ammonium tartrate, (NH4)gC4H406, 
and potassium tartrate, K2CtH40o ‘ ^HgO, which both crystallise in the polar 
class of the monoclinic S3r8tem, were chosen. 

The axial constants to which these substances are referred are as follows :— 
Ammonium tartrate .... o : 6 : c = 1*1606 :1 : 1*4383, p — 92® 23' 
Potassium tartrate .... a : 6 : c = 3*0869 :1 : 3*9701, p = 90® 60' 



potassium sulphate. 


The crystals were well formed and tabular in habit parallel to a{100}. The 
faces of interest here were those at the two ciuls of the axis of polarity. In the 
potassium salt (fig. 6) the face 6'(0l0) truncates the negative end of the crystal, 



and the sphenoid o{lll} forms the positive end. In the ammonium salt (fig. 7) 
the sphenoids ^{Oll} and are the most prominent terminations, but small 

faces of o{lIl} and <o{lII} also occur, generally at one end only. Other forms 
present in both substances were c{001}, p{101}, r{10l}. 

All the salts employed were purified by repeated recrystallisation. 

The crystals selected for the experiments were small and generally trans- 
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parent. But crjrstals of magnesium-ammonium sulphate were cloudy even 
when they wore very slowly formed. The faster growing faces showed greater 
cloudiness^ but this did not affect the regularity of growth. When examined 
under the microscopei the cloudiness was seen to be due to the inclusion of rows 
of minute cavities filled with solution. 

Crystals for measurement were obtained from slightly super-satiurated solu¬ 
tions by slow cooling, or by evaporation at the ordinary temperature in a 
desiccator. They generally formed on the bottom of tlie glass vessel, so that 
the face on which they rested becan)e somewhat concave. Before measuring 
any crystal it was therefore found expedient, after mounting it, to grow it under 
conditions similar to those of the ordinary experiments till all the faces showed 
even surfaces. 

The crystals were smaller than those used as nuclei by Wulff. Two typical 
crystals measured about 3x3x4 mm. and 2x3x6 mm. at the 
beginning of a set of experiments. After a total growth lasting for 
72 hours and 65 hours respectively, these ciystals had grown to 15 x 13 X 16 
mm. and 10 x 12 x 16 mm. (Crystals of Mohr’s salt grew especially well, 
and one crystal reached a size of 28 X 30 X 23 mm. If, after a series 
of experiments, a transparent crystal was held up to the light, the original 
“ nucleus ” could be seen surrounded by several distinct layers, marked 
by inclusions, each layer representing the thickness of substance deposited 
during one experiment. It was interesting to note the change in habit of a 
crystal during growth, by comparing the nucleus and the final form. 


2. and iSxperimentol 

As the value of the present kind of research obviously depends on its accuracy, 
much time was devoted to designing appropriate forms of apparatus, and deter¬ 
mining the conditions for obtaining the most trustworthy and uniform results. 

The experimental work fell natiually into two ports, the actual growth of a 
crystal and its measurement. The former involved the careful control of con¬ 
ditions affecting growth, the latter required an accurate method of measuring 
the thickness of the deposited layers—preferably without destroying the 
crystal. 

In Wulff's earlier experiments, in which the crystals wore grown in a restricted 
quantity of solution, without stirring, the results were unsatisfactory, and 
Wulff was led to recognise that crystals grown in a fixed position do not grow 
regularly—an observation which has been coufirnied in the ])resent work. 
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He showed* that the prooess of growth is intimately connected with the forma¬ 
tion of ascending concentration cunents feeding the growing crystal, so that 
faces on the lower side of the crystal grow faster than those above, and in order 
to secure regularity of growth he devised a form of apparatus in which the 
crystal was placed in the centre of a cylindrical vessel and the whole rotated 
slowly about a horizontal axis, so as to expose the several faces equally to the 
ascending currents.f This has formed the basis of the crystal-growing apparatus 
adopted. 

For the measurement of growth, WuWE cut the crystal across at right angles 
to the faces to be measured, and stained the surface of the section so os to dis¬ 
tinguish the layer formed from the nucleus on which it grew. This method 
limited the choice of material to episomorphous substances, and to those where 
differences of colour, either natural or producible by staining, distinctly mark 
the boundary between the nucleus and the crust formed. The crystal section 
was placed horizontally on the travelling stage of a microscope and the crust 
measured. In the present experiments this procedure was replaced by a 
method devised by Prof. 11. L. Bowman, which had the double advantage of 
being applicable to all substances and of not destroying the crystal. The greater 
uniformity of the results obtained throughout the present experiments, as com¬ 
pared with those of Wulff, has been due as much to accuracy of measurement 
as to the special control of conditions affecting growth. 

The form of apparatus adopted for growing the cr}n»tals was a modification 
of Wulff’s rotating apparatus. The crystal was placed at the centre of n 
spherical flask filhjd with 600 c.c. of solution, the zone of faces to be meastired 
being horizontal, and the flask was rotated slowly on a horizontal axis, parallel 
to that of the zone. 

In preparing a crystal for an experiment a hole was bored into it with a fine 
drill, along the axis of the zone of the &ces to be measured, and a long fine pin 



Fio. 8.—Crystal-bolder. 

was fixed into this with wax. This pin (A, fig. 8) was clamped by means of a 
set screw into one end of a cylindrical brass rod B, which served as a holder, 

* ‘ Z. f. Kiyst.,’ vol. 34, p. 462 (1901). 
t Ibid., pp. 603, 608. 
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and the other end of which was fixed into a rubb^dined vulcanite cap C. This 
again was fitted on to the flask (D, iig. 9) so that the crystal was situated at 



the centre of the solution. The flask was mounted in a frame (E) by means ol 
a wooden sliding piece (G) with springs, the cap being held firmly in position 
by the screw FP, and the whole was slowly rotated about the horizontal axis HP, 
supported on the stand J, by an electric motor with suitable reducing gear, 
connected to the clutch at H.* 

During the rotation of the crystal about the horizontal axis every face {larallel 
to that axis assumes successively all possible inclinations with reference to the 
ascending concentration currents, and this prevents the one-sided action of 
these currents on that zone. The mode of mounting the crystal, on a fine pin 
at the centre of a spherical flask, was intended to secure the least possible dis¬ 
turbance of these currents during the rotation. 

For the purpose of measurement, after each period of growth the crystal- 
holder was removed from the vulcanite cap and placed on the two V-blocks 
(K) of a small tripod carrier (L, fig. 10), which rested on a . .lab of plate glass 
(Q) clamped to the stage of a microscope and had been previously adjusted by 
means of the levelling screw (M) so that the axis of the holdei- was parallel to, 
and at a fixed distance above the glass plate, on which the tripod was lightly 
pressed by the spring (N). The holder was held in the V’s with slight friction 
by a second spring (0), and could be rotated by a large vulcanite milled 
head (P). 

The zone having been adjusted parallel to the axis of the holder in the manner 

* In Wulff*8 experiments the crystal was held in a 3-pointed brass dip which was fastened 
to the cover of a oylindrioal crystallising vessel with mling wax. The vessel containing 
the growing crystal was mounted on a frame and attached to the minute hand of a clock, 
so that it made one revolution about its horizontal axis in an hour. 
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described below, any face belonging to it could be set horisontal (i.e., at right 
angles to the axis of the microscope) by means of the milled head, this position 



being indicated by the fact that all parts of the face were in equally sharp focus 
when brought to the centre of the field by sliding the carrier on the glass plate. 
The magnification used was about 75 diameters. 

Each face in turn was set horizontal and sharply focussed by means of the 
fine adjustment screw of the microscope (the coarse adjustment being left 
imtouchcd and care being taken to avoid backlash), and the position of the 
graduated head (reading to 0*01 mm.) was noted. The crystal-holder was then 
jemoved from the carrier and replaced in the flask, filled with fresh solution, 
for a further period of growth, after which the readings for the several faces 
wore repeated and the growth of each face (in millimetres) obtained by difference. 

Id this way a scries of experiments could be made with the same crystal, each 
experiment giving independent results. 

The proper adjustment of the crystal on the holder for a series of experi¬ 
ments was easily effected, provided reasonable care had been taken both in 
drilling the crystal and in mounting it on the pin. A face was focussed as 
described above and brought into the horizontal position partly by rotating the 
holder and partly by bending the pin by hand. A second face, as nearly as 
possible at right angles to the first, was similarly treated, the first face was 
corrected if necessary and after one or two trials a perfect adjustment of the 
xone was usually attained.* 

* A slow tilting motion of the ciystal (in one plane) can be obtained with the holder 
shown in fig. 11, in which the holder is drilled at a slight angle to the axis, and a notch is 
filed in the metal opposite the screw. The crystal can then be tilted by bending the pin 
(of hard brass wire) by means of the screw. In practice, however, the simple method 
described above was found to be sufficient. 
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A series of trial experiments was conducted to determine the most suitable 
conditions for regular growth, particularly as regards the concentration of the 



Fw. 11. 

solution and the rate of rotation of the flask. The actual crystal growth was 
always effected by the slow cooling of the solution. The initial temperatmc of 
saturation of the solution should not be too high on account of the difficulty in 
restraining the rate of cooling, and not too low in order that there may be a 
measurable amoimt of growth in a short time. The most suitable temperature 
had to be determined by actual experiments in every case, those finally adopted 


being as follows 

Sodium chlorate . 35 to 37° C. 

Potash alum and double sulphates . 30 to 34° C. 

Potassium and ammonium tartrates. 40° C. 


The solution was put into the flask some 2° above its saturation point, to 
allow for initial cooling, and the crystal was thus introduced into a solution, 
which was just about saturated. This precaution was necessary in order to 
guard against any initial dissolution of the crystal. On the other hand, the 
introduction of a crystal into an already supersaturated solution is to be avoided, 
as it certainly leads to irregular growth. 

The amount of solution used for each experiment was about 500 c.c., an 
amount sufficient to allow for tlie even growth of all forms. With small volumes 
of solution growth was restricted -a result which was noted by Weyberg.* 
The flask was wrapped round with cotton wool to retard cooling, and the fall 
ill temperature during an experiment lasting 4 to 6 hours was 10° to 12° C. 
The effect was tried of reducing still further the rate of cooling by immersing 
the apparatus in a tank of water initially heated to the temperature of the 
solution. The time of an experiment was thereby increased to 12 hours and the 
fall in temperature reduced to 5° or 6° C. The results obtained were good, but 
as satisfactory results were obtained from experiments of shorter duration and 
at a faster rate of cooling, this method was not continued. 

The time allowed for an experiment depended somewhat on the velocity of 
growth of faces under observation, and care was taken that the series of experi¬ 
ments conducted with a single crystal were of equal duration. A period of 
• ‘ Z. f. Kryst..’ vol. 34, p. 531 (1901). 
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growth of 4 to S hours was found to be most convenient; the amount deposited 
on a crystal being more than proportionately less during a shorter experiment, 
while a longer experiment gave excessive growth on a fast growing form, which 
might even become obliterated. The figures in the following table show the 
varying thicknesses of substance deposited on the faces of p{110} and c{001} 
of a crystal of magnesium-potassium sulphate in a consecutive series of experi¬ 
ments, and illustrate the effect of the duration of the experiment on the rate of 
growth observed. 

Table I.—Effect of Duration of Exi)eriment on the Rato of Growth. 


Magnesium-potassium Sulphate. 


No. o£ 

experiment. ! 

Growth in millimetres. 

Duration of 
experiment. 

IKIIO) 

e(001) 

rillo) 

c(OOl) 






Hours 

1 

0-04 

0«02 

0-03 

0-02 

n 

2 

0-05 

0-04 

0*04 

0*04 


3 

0*12 

0*10 

0-12 

0-10 

3 

4 

0*29 

0*24 

1 

0-29 

0-25 

4 


From the slow rate of growth observed during the first two experiments it 
might seem that the solution was undersaturated when the crystal was put 
in, and that the crystal had failed to grow during the first fall of temperature 
on that account. But even on close observation no rounded faces or bevelled 
edges could be seen. As a matter of fact a surprisingly small amount of growth 
was always recorded for similar experiments of short duration. Now Miers 
has shown that there ore two conditions of supersaturation, the metastable and 
the labile. From a solution passing through the formor condition, material is 
slowly deposited on crystals present. With a further fall of temperature the 
labile condition is reached; growth becomes more rapid, and in a stirred 
solution is accompanied by a shower of fine crystals. It woidd seem that the 
solution during the first stages in the above experiments passed through the 
metastable condition, and that the labile condition was reached after a fall in 
temperature of about 6°, the crystals then growing faster. 

As the conditions controlling growth were never identical even for two 
Buccessive experiments, the results of different experiments are not strictly 
comparable, but each experiment gave comparable results for the different 
faces. 
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The most Batisfactory rate of rotation of the flask was about 4 or 6 turns per 
hour. If this rate was considerably increased there was too much movement 
in the solution, showers of small crystals tended to form and the original crystals 
grew irregularly. If the flask rotated much more slowly the results were less 
uniform. 

3. DetermiTuition of the Gmvth of a Crystal and Mode of Statement of the Results. 

The method employed is subject to the limitation that only one zone can be 
measured at a time, so that separate sets of experiments have to be made for the 
different zones, in turn. A proper choice of zones ultimately leads to a know¬ 
ledge of the relative rates of growth, Kjaad ^ ol all the forms present 

on the crystal. 

At the beginning and end of an experiment readings for each face in the 
zone were taken with the microscope, as described on p. 66, and the difference 
between two successive readings for a given face gave the amount of growth in 
millimetres, as given in the tables. The first measurement was always taken 
after the crystal had been grown for some two or three hours under conditions 
similar to those of an ordinary experiment, to ensure a perfect smooth surface 
on all faces. 

The number of experiments made for one zone varied, but (except in the 
preliminary experiments) was seldom less than 15. After each experiment the 
mean growth of the faces of each form was taken and the relative rates of 
growth of the different forms computed; the mean of the results for each pair 
of forms being taken as the final value of their relative rate of growth, as in 
Table IV. 

For reasons of space only a few such tables can be given here; and in general 
the mean values only are stated, together with the range of variation in the 
different experiments, as an indication of the degree of accuracy attained. 

Except where mentioned (Tables I, II, III, V) the results of all the experi¬ 
ments relating to a given zone are combined, whether made on the same or 
different crystals. 

The results for the crystal as a whole are collected, for each substance, oe in 
the Table on p. 73, in which the relative rates of growth of the several forms arc 
expressed in terms of that of c(001}, taken as unity. 

The uniformity of the results compares favourably with those of Wulff and 
Weyberg. The measured amounts of growth obtained varied in different cases 
between 0-05 mm. and 1*2 mm., but were commonly between 0*3 mm, and 
0*8 mm. Those obtained in one experiment, on different faces of the same 
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form were usually equal withiii 0-01 or 0*02 mm., and (apart from the excep¬ 
tional conditions described on p. 74) the difference between extreme values 
never exceeded 0-04 mm. In the values obtained in a series of experiments 
for the relative rate of growth of a given pair of forms, the maximum deviation 
from the mean seldom exceeded d: cent, and reached 10 per cent, in 

one case only. 

4. Preliminary ExperimetUs with Alum and Sodium Chlorate. 

Experiments were first made with octahedral crystals of potash alum and 
with cubes of sodium chlorate, on which all the faces are of one kind, in order 
to test the reliability and accuracy of the methods employed, and to ascertain 
if the relative rate of growth of the faces was affected by the initial habit of the 
crystal. 

On examining the results for a crystal of potash alum given in Table II, 
which are typical of many others, it will be seen that the rate of growth of 
different octahedral faces is the same. It was observed that an initial irregu¬ 
larity, however marked, in the habit of the crystal had no influence on the sub¬ 
sequent rate of growth of its faces. Thus, some crystals were originally of regular 
habit, while others were flattened parallel to a pair of faces; but the equal 
growth of all faces clearly demonstrated that habit does not affect the rate 
of growth when no other form is present.* Similar concordant results were 
obtained with cubic crystals of sodium chlorate. Here again only one form 
was present and all the faces grew equally, irrespective of any initial irregularity 
of habit. 

A necessary consequence of equal growth is that an irregular or misshapen 
crystal tends to become regular, but only in the sense that the initial disparities 
become smaller fractions of the total dimensions. This is illustrated by the 
following results obtained with a tabular crystal of potash alum. At the 
beginning of the experiments its dimensions were about 6 mm. diameter X 

3 mm. thick, and after having grown for 48 hours (a series of 12 experiments of 

4 hours each) its size had increased to 12 inm. diameter x 8 mm. An equal 
thickness of material amoimting to about 3 mm. had thus been deposited on 
each face, but the proportions of the crjratal dimensions changed from 3 : 1 to 
3:2. On other crystals similar initial proportions have changed to 4 ; 3 and 
even to 5 : 4. Similar results were obtained with crystals of sodium chlorate. 


* Compare p. 73. 
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Table II.—Potash Alum, KAKSO*), . 12H,0. 




<vrowth in inilHmrtreti. 


No. of 





oxpt^ntmHit. 

0(111) 

0(111) 

O(III) 

«(iii) 

1 

0*43 

0*42 

0*43 

0*43 

2 

f»*«3 1 

o-iU 

0*81 

0*«3 

8 

0*61 ! 

0*(>1 1 

0-H3 

0-62 

4 

0*43 

0*44 

0-43 

0*43 

Total growth . 

2*10 

1 

2*08 

2*12 

211 


5. The Double Sulphatea. 

In the cubic substances above described the faces belonged to the same form. 
But with crystals of the monoclinic double sulphates numerous forms are 
present, not wholly included in any one zone, and the relative growth-ratea of 
seven forms were determined, namely, c{001}, 6{010}, o{100}, p{110}, 
f{201} and Although the total number of possible pairs of these forms 

is 21, the number of zones required to be measured was less than this, (1) because 
some zones contain more than two forms, and (2) because it was not necessary 
to measure directly all possible pairs. 

The following are the zones actually ineasuretl:— 

1. p(llO), 6(010), o(lOO). 

2. p{110), c(OOl), o'(Ill). 

3. c(001), }(0I1), 6(010). 

4. c(OOl), f(20l), o(lOO). 

6. p(llO), r(‘201). 

6. p(110),}(011). 

The relative velocities of growth of all the forms could be deduced from the 
first four zones, and the final results were computed from the measurements 
made on them. Zones 6 and 6 were used for purposes of control. The measure- 
meats on these latter zones always confirmed the accuracy of the previous 
results. 

The results obtamed for crystals of magnesium-ammonium, iron-ammonium 
and magnesium-potassium sulphates will now be considered in detail. In 
each salt it will be convenient to describe the zones in the order mentioned in 
the preceding paragraph. 
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(«) Magnesiunv-ammonium stdphate, Mg(NH 4 ) 2 (S 04)3 . SH^O. 

7/yne })(110)-l)(010).—^The crystals showed considerable variation in habit, 
but many were examined which contained only the form p(l 10 } in this zone. 
The four faces of this form were found to grow at the same rate. Table III is 
typical and gives results for a series of nine successive experiments made with 
a single crystal. Fig. 12 illustrates the corresponding gradual change in habit, 
as seen in successive traces of the prism zone, and shows how the irregularity 
of a misshapen crystal become.^ less marked during growth. 


Table III.—^Magnesium-ammonium sulphate, Mg(NH 4 ) 2 ( 804 ) 2 . 6 HgO. 

Zone fpp). 


No. of 
experiment. 

Growth in millimetrcfl. 


},(U0) 

1 

V (ito) 

p(ii<() 

J 

1 

0*34 

1 

0 •,%> 

0 - 3 .^ 

o-ss 

2 

0*42 

0*44 

0*44 1 

0*42 

3 

0<44 

0-42 

0*43 

0-44 

4 

0*28 

o*2ft 

0*20 

0*28 

.“i 

0 - 2 .‘> 

OJii 

0-25 

0*20 

ii 

0-22 

0*23 

0*22 

0*22 

7 

0 - 4 o 

0*45 

0-40 

0-45 

S 

0*47 

0*40 

0*40 

0-46 

0 

Owl 

Oil 

O-W 

0-52 

Total th . j 

3 * 38 j 

3-41 

3*40 

1 

1 1 

3*40 
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Certain crystals exhibited also a large face 6(010}, and the ratio of growth 
K» : Kp was found to be 1*97 :1,—6 being, in fact, the fastest growing form 
observed.* 

Zone j»(110)-c(001)-o'(ni). —^This zone was a very convenient one to 
measure, as p and o were always well developed; the face o' was small and 
sometimes absent. The results recorded in Table IV show that c grows faster 
than p in the ratio of 1 : 0*85, and slower than o'in the ratio of 1:1*12. After 
a series of experiments, c and p remained prominent forms, whilst o' persisted 
as a very small face or sometimes disappeared. 


Table IV.—Magnesium-ammonium sulphate, Mg(NH4)2(S04)2.61120. 

Zone Ip c o'J. 


No. of 
experiment. 


OruwtU in millimetres. 


llolaiive rate 
of growth. 

e(00l) 

pdio) 

o'(ni) 

c(OUl) 

p(llO) 

o'(lll) 

;K 

V..K„ 

1 

0*0« 

0-05 


«-0« 

0*05 


0*83 


2 

0 41 

0-33 


0*41 

0*34 

- 

0*82 


3 

0-27 

U-23 


0-28 

0*24 

— 

0-86 

— 

4 

0-4S 

0-37 

0-49 

0*43 

0*38 

0*50 

0-83 

1*10 

5 

0-44 

0-30 

0*48 

0*44 

0-36 

0*48 

0*82 

1*09 


0-49 

0-42 


0*50 

0*42 

—, 

0*85 


7 

0-62 

0-45 

0-00 

0-52 

0*46 

0*n9 

0*87 

1-U 

8 

0-61 

0-50 

0-09 

0-01 1 

0-S3 1 

0-71 

0-84 

1*15 

*) 

0 00 

0-43 

0*50 

0-5*1 

0*44 

0-50 

0-87 

1-12 

10 

0*41 

0-38 

0-52 

0-40 ! 

0-10 

0-50 

0 87 

1*13 

11 


0-4n 


0-54 

0-47 

— 

0*86 


12 

U-3J 

0-28 

- 

0-31 

0*26 

— 

0*87 

— 

13 

0*27 

0-24 

— 

0-30 

0-24 

— 

0*84 


14 

0-22 

0-JH 

0 ’2r> 

U-23 

0-J9 

0*26 

0*82 

1*11 

In 

0-27 

0-24 

0*31 

0-27 

0-23 

0-29 

0*87 

1*11 

1« 

0-38 

0-32 

0-43 1 

0-37 

0-31 

0-41 

0-84 

1-12 

17 

0-49 

0-41 

— 

0-48 

! 0-41 

-- 

0-85 

— 

18 

0-17 

0-15 


0*17 

0-13 

i_ _ __ 

-- 

0-82 



t 

i 

I 

1 

1 



Mean 

0-85 

1-12 


Zone c( 001 }- 9 ( 011 )- 6 ( 010 ).—The measurements show that q grows a little 
faster than c in the ratio 1 * 10:1; and during growth this face persists as a 
prominent form. (The ratios obtained in 14 experiments varied between 1*03 
and 1*16.) 

In some crystals a large 6-face was present and measurements show a mean 
growth-ratio KttE, = 1*66 (varying in five experiments between 1*66 and 

* Besulti obtained from certain exoeseuveiy minhapen oryetale of this sabatanoe are 
disonsied beloir (p. 74). 
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1*71). The relative rate of growth of these faces can also be deduced from 
measurements made osuother zones : for as Kp: = 0*85^ and ; Kp = 1 *97, 

it follows that = 1 *67; and it will be seen that the direct results agree 

with the former measurements. 

Zowe c(001)-r(201),—The results for this zone show that r grows slower 
than c in the ratio 0*86 :1 (varying in 18 experiments between 0-82 and 0-90). 
After a series of experiments the r-face—which was always small-nahowed only 
a slight increase in size and did not become prominent. This is attributable 
to the fact that the adjacent faces of have an equally slow rate of growth. 

Control MeasuremerUs ,—The above results were checked by control experi¬ 
ments carried out on the zones [p r] and [p and in each cose the results 
accorded with the values previously obtained. 

Thus, the ratio Kp; as calculated from values already given for ; K, 
and Kg: Kp, is 0*99, and this is in good agreement with a mean value 1*02 
obtained from direct measurements (four experiments, 1*00 to 1-05). 

Again, the growth-rate : Kp, as computed for values already given for 
Kj,: Kp and Kg: K^ is 1*29, which agrees (by chance exactly) with the mean 
obtained from direct measurements (four experiments, 1*22 to 1*34). 

Final Results ,—The following table for magnesium-ammonium sulphate gives 
the relative rates of growth of all the forms observed, that for c{001} being taken 
as unity:— 


sulpluitey Mg(NH4)2(S04)2 • 6 H 2 O. 


Form. 

p'llOl 

1 . 

1 

eioor, 

9 ion! u'iliil 6{oio; 

Relative rate of growth 

0-85 

0-80 

1-00 

l-io 1-12 1-67 


Excej^iond Behaviour of Certain Crystals .—Some crystals of the magnesium- 
ammonium salt were examined which bad one prominent b-face and two pro¬ 
minent j(HfaceB, as shown in fig. 1. The abnormal habit of such crystals was due 
to their having rested on the b-face during growth. The behaviour (which is 
typical) of one such crystal, which had a large face b(OlO), is shown in Table 
V, which gives the growth, during a series of seven experiments, of the faces in 
the prism zone. It will be seen from this and from the corresponding figure 
(fig. 13) that during the earlier experiments of the series the four prism faces do 
not grow equally. The two large prism faces (110) (IlO), remote from b, grow 
equally, and faster than the two small ones adjacent to b, which also show equal 
growth. The face b is a fast growing form, having a rate of growth nearly twice 
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Table V.—Magnesium-ammonivuu sulphate, Mg(NH 4 ),(S 04 )s . 6H|0. 
(Misshapen crystal.) 

Zone [fph]. 


Growth in millimetres. 


Relative rate of growth. 


|»(110) p(IlO) 1.(110). b{0\0) p{lIO) KfoiopK 
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The conetanoy, or otherwise, of the relative rates of growth of adjacent htces 
is well shown in the figure by the dotted lines passing through their intersections. 
For the direction of these lines changes with any change in the relative rates of 
growth. 

The results obtained from this and similar crystals contrast so strongly with 
those previously given throughout this paper as to demand a brief examination. 
They establish the principle that a large face of an exceptionally fast growing 
form may influence the rate of growth of adjacent slower growing faces, drawing 
to itself material from the solution which under ordinary circumstances would 
be deposited on them. The precise limits within which this action occurs have 
not yet been thoroughly explored and much remains to be done in this and other 
directions. Th\is although in the case quoted the rate of growth of the h-face 
(OlO) as compared with that of the remoter prism faces (110) (IlO) did not 
markedly change, and the growth of the latter faces did not therefore appear to be 
aflected by h, it would be unwise to rule out the possibility of such an effect in 
all oases. 

The results so far obtained may thus be summarised:— 

(1) A missha^ran crystal completely bounded by faces of a single form (cube 
or octahedron) shows no tendency under the conditions of the experiments to 
correct its irregularity by unequal rates of growth on different faces, though with 
equal rates the irregularity becomes less marked (cf. fig. 12). 

(2) The same is generally true of crystals bounded by different forms ; but 
(?>) under very exceptional conditions an abnormally developed face having a 
high growth-rate may adversely influence its neighbours during subsequent 
growth under normal conditions, but only in the first stages, until its area is 
diminished by the e.xtension of the adjacent faces. 

(6) Iron-ammonium sulphate, Fe(NH 4 )a(S 04 )g . 6HjO. 

Zone p(110) -6(010).—^The prism zone in this salt, which sometimes showed 
the two &-faces as well as the primary prism, was always weakly developed. 
Fifteen experiments on crystals having h-faces gave the mean relative rate of 
growth Kt: Ep as 2-70. Owing to its high rate of growth, the 6-£ace often 
becomes cloudy and its growth is somewhat irregular. 

Zone j>(110)-c(001)-o'(ni).—^The results of 16 experiments show that p 
grows slower than o in the ratio 0*86:1, while in 10 experiments, where o' 
was present, this form was found to grow faster than c in the ratio of 1 >20: 1 . 
Throughout a series of expraiments c persisted as a prominent, form, while o' 
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remained emalL (The observed values of KpiK^ were between 0-82 and 
0-88; those of were between 1-17 and 1-25.) 

Zone c(001)-g(011)-6(010).—The mean of 17 experiments showed that g 
grows considerably faster thane, in the ratio 1*24:1"** (the observed values lying 
between 1 * 20 and 1 * 27). The form q is prominent in small crystals, and during 
growth it remains well marked though becoming relatively smaller. Three 
experiments where b was present gave a mean ratio = 2-37 (2*34 to 

2-40). 

The rate of growth of 6, measured in this zone, also acts as a chock on the 
previous results, for the directly observed value of (2*37) agrees well 

with the value 2-32 computed from those obtained for : Kp and K, : K^. 

Zone c(001)-r(201). —In this salt f{501} was generally the most prominent 
form, although it was occasionally small. Crystals were measured with r»faces 
of varying size, but the size did not affect the uniform slow growth of this 
form. This was the slowest growing form obs^^rved; its mean rate of growth 
being only 0*64 that of c, (In 22 experiments the values observed lay between 
0*60 and 0-58.) During an experiment, r remained the largest form on a 
crystal, or (if small at first) quickly became prominent. 

CorUrol Measuretnenis ,—The riisults obtained in the above zones were con¬ 
firmed by control experiments carried out on the zones [p r] and [p g]. 

Thus the ratio : Kp as deduced from values abready given for K^,: 
and K^.: Kr is 0-63, which is in satisfactory agreement with a moan value 
0*59 obtained from direct measurements on this zone (three experiments 
giving 0-69, 0*68, 0*69). 

Again, the ratio : Kp as computed from values already given for : Kp 
and Kfl: K^, is 1 *44, which is identical with the mean result of direct meosme- 
ments (five experiments giving values between 1*41 and 1-47). 

Final Results, —The following table for Mohr’s salt gives the relative rates 
of growth of all the forms observed, that of c{00l} being taken as unity ;~ 


Iron-ammonium sulphate, Fe(NH 4 ) 2 (S 04 )a • 6HaO. 


Form. 

f{201} 

,{110} 

e{001} 

o'{Ill} 

91011} 

>{0101 

Relative rate of growth 

0*54 

0<86 

1*00 

1*20 

1*24 

2*32 


* Wulff gave 1*23 and 1*20 as the mean values of this ratio obtained in two different 
sets of experiments. 
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(c) Magnedum-potassinm sidphcUe, MgK 2 (S 04)2 • 6 H 2 O. 

Zone p{llO)-a{lOO), —The prism ssune of this salt often exhibited the faces 
of a, whereas h-faccs were not observed. 

The results of 21 experiments on this zone show that the p-faces grow equally, 
and faster than a in the ratio 1: 0*70 (the values observed lying between 0*67 
and 0*77). At first the a^faces wore narrow, truncating edges of the prism, 
but after a series of experiments, in which their rate of growth was uniform, 
they became as large as the prism faces. 

Zone p(llO) f(001)-o'(Ill).—The results of 26 experiments on this zone 
show that p grows faster than c in the ratio 1*19:1 (the values obtained lying 
between 1*16 and 1*23). The face o' was not observed but the c- and p-faces 
were prominent. 

Zone c{001)^{011)-6(010).- -The relative rates of growth of q and c were 
found from 15 experiments to be as 1-36 :1, from which it will be seen that q 
is a fast growing form. (The observed values varied between 1 *33 and 1*40.) 
It is present as a small face and sometimes disappears with growth. 

Zone c(001)-a(l00)-r(201).—The r-face grows faster than c in the ratio 
1 *66:1. When present this face is always small and tends to disappear with 
growth. The mean ratio w'as found to be 0*82. (In 11 experiments 

the observed values of K,: varied between 1*60 and 1*74; those for K<|: Kc 
between 0*78 and 0*86.) 

Incidentally, the results obtained from this zone also act as a check on the 
rate of growth of a, for the directly observed value of (0*82) agrees 

well with that computed from the zones [p a] and [p c] (viz., 0*83). 

Final Results, —The following table gives the relative rates of growth of 
all the forms observed in magnesiiiin-potassium sulphate, that of c{001} being 
taken as unity :— 


Magnesium-p(^88i\m Bidphate, MgK 2 (S 04)2 . GHjO. 


Form. 

a{ioo; 

cJOOlJ 

p ;noi 


r{201| 

JlelatiTO rate of growth 

0*83 

1*00 

1*19 

1*30 

1<06 


(d) Comparison of the Double Sulphates, 

The relative rates of growth of the forms observed in each of the three double 
sulphates, that of c{001} being taken as unity, are collected in Table VI to 
facilitate a comparison. 
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Tabli^ VI. 


Form. 

Magnesi um -ammoni utii 

Iron ammonium 

Afagnesium-potassi la m 

Hul]>hate. 

buLpllU U'. 

Hulpliate, 

c {001; 

1-00 

l-(iO 

1-00 

a jlOO! 

— 

— 

0*83 

6 010* 

i*a7 


_ _ 

P HO* 

0-8,'j 

o.’stl 

1*10 

^ 0111 

110 

1-24 

1*30 

r i2oi; 
o'llni 

1 


O-ol 

1*00 

M2 

! 

1-20 

— 


From this general table it will be seen that for any gi\ren form, say gr{011}, 
there is throughout the series no constancy in the rate of growth as compared 
with that of c(001}. Moreover, the order of increasing rates of growth of 
different forms is markedly different in the three salts. Thus, r, for example, 
is in Mohr’s salt the slowest, in magnesium-potassium sulphate the fastest 
growing form. 

A comparative study of each zone in the three double sulphates was made 
with special reference to changes in habit. The relative rates of growth of 
forms determines the habit of a crystal, for it determines the ultimate |K>sition 
occupied by any face on a growing crystal. It is a1 ways the slow growing forms 
which tend to persist and become prominent while rapidly growing faces gradually 
disappear, owing to the extension of surrounding faces. 

In the prism zone the 6-face was always the fastest growing form observed 
(its growth-rate reached its highest value in Mohr's salt). The a-face (only 
observed on magnesium-potassium sulphate) on the contrary grew slowly and 
assumed greater and greater prominence. The two figs. 14 and 15, showing 
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successive traces of the prism-zone during a series of experiments, illustrate 
the change in habit produced by the growth of the 6- and a-faoes in crystals 

a 



of iron-ammonium sulphate and magnesium-potassium sulphate respectively. 
In both crjrstuls the initial habit becomes modified, in the one case by the rapid 
decrease of b, leading to a simple prismatic habit, in the other by the increase 
of a, modifying the original prism. In iig. 13 can be seen the change in habit 
in the prism zone of a crystal of magnesium-ammonium sulphate. The large 
6-face tends to dimmish by the extension of the prisms and the habit gradually 
becomes more regular. 

In such a zone as [p c o'] on the other hand, growth caused little change in 
habit; the p- and c-faces are large and relatively slow growing, and persist 
as prominent forms. The face o' is fast growing and tends to disappear, but as 
it is always very small it does not appreciably affect the crystal habit. In 
magnesium-ammonium sulphate, in which the rate of growth of p is less than 
that of c, the crystal tends to become prismatic in habit, terminated by c. 
Whore, as in the magnesium-potassium salt, p grows foster than c the crystal 
tends to become tabular parallel to o, the p-faoes becoming relatively smaller. 

In the zone [c q b] the size of q is closely related to its rate of growth. It is 
moat prominent in the magnesium-ammonium salt, where its rate of growth is 
slowest (K«: Ee = 1*10) and the two forms eand; ore about equally developed. 
In magnesium-potassium axilphate, where its rate of growth is considerably 
faster (K^ 1 *36) it is small and often absent. 

In the zone [c r], the r-face shows the importance of rate of growth as govern¬ 
ing the size and persistence of a form. In the magnesium-potassium salt, this 
face was often absent or at the most very small. Its rate of growth was con¬ 
siderably faster than that of c and during an experiment it often disappeared. 
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In tho magnesium-ammonium salt the r-faces were alwa 3 rs small and remained 
as a small form after a series of experiments, only showing a slight increase in 
size, its rate of growth being 0*86 that of e and about tho same as that of the 
adjacent jj-faces (0*86). In Mohr’s salt on the other hand, it was actually the 
slowest growing form observed, its rate of grouiih b(‘ing only 0*54 that of c, 
and figs. 16 and 17 illustrate how, with growth, r mriiuiw, or quickly becomes, 
the largiist form on the crystal. 



Vio, 10. Fia, 17. 

Iron-atiunonium sulph.ato. 


6. The Neutral Tartfoles. 

For the experiments on polar crystals, devoid of v »»nirosymmetry, the mono¬ 
clinic salts potassium tartrate, containing half a nioloculc of water of crystallisa¬ 
tion, and ammonium tartrate (anhydrous) were used. Both salts crystallise 
well and exhibit a variety of forms terminating the h-axis. As the interest of 
these salts was centred in the relative rates of growi;h of the forms developed 
at opposite ends of the symmetry axis, moiisuiemeuts were limited to a single 
zone containing these forms. 

In potassium tartrate (see fig. G, p. 62) the zone included the large face 
6^(0l0) truncating one end, and the splienoid o(lll) which formed the other 
end. The results for this zone appear in Table VIT, from which it will be seen 
that the two faces of the sphenoid grow equally, and very much faster than 
6'{0l0}, the ratio being 2*69 :1. 

In tho absence of a face 6(010) the rate of growth normal to this face cannot l)o 
directly determined; but the elongation of the crystal m this direction duo to 
the growth of tho sphenoid o{lll} can be (jalculatc^d from the growth-rate of 
this form, and it may be expected that tho growth-rate of the 6-face would be 
greater than this, so that if present it would tend to diminish and disappear. 
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I’Hble VII.—Putiuwiuni tartrate, K 2041140 # . .JHjO. 


No. of 
oxporimont. 

Grow 

b' (OlO) 

th in milliroct 

0(111) 

res. 

0(111) 

Relative mto of 

KptKfc 

1 

0-18 

0-47 

0*45 

2.5« 

2 

0-lU 

0'6I 

O.fil 

2<68 

3 

0*13 

0-ai 

0-35 

2-do 

4 

0-22 

0-S9 

0*69 

2-68 

5 

0>20 

0-58 

0*53 

2-72 

6 

0*01) 

0-15 

0.17 

2.H7 

7 

0-00 

0-2H 

0.21 

2*78 

8 

U-0(> 

0-15 

»•!« 

2*58 

0 

O-OK 

0-21 

0*21 

2*03 

]<» 

0-09 

0-25 

0.28 1 

2.83 

11 

0-17 

0-40 

0-48 

2*77 

J2 

0-05 

0.13 .| 

0-14 

2*70 

13 

0-(M) 

OKi 1 

0-10 

2*87 

14 

0-09 

0*23 

0-25 

2*07 

15 

0-17 

0*42 

0.45 

2.50 

Hi 

0-0(i 

0*10 

! 0.17 i 

2*75 

17 

0-09 

0*24 

0-21 

2‘07 

18 

0-11 

1 0-28 ! 

0-31 

2*68 

19 

0-04 

1 O-ll 

O-ll 

2‘75 

20 

o«u 

0*38 

0-40 

2.79 

21 

0*08 

0 23 

0-21 i 

2-75 

22 

0*18 

0*47 

0-49 

2.67 




Mean 2*69 


Fri>m fig. 18 it will br .seen that 

, _ go g'y X 2*69 
cos boo “ COB 22° 36' 


a' 6 ' X 2-91, 


i.e.f the elongation at the positive end of the fr-uxis is 2*91 times the growth of 
6 '( 0 l 0 ). Hence the growth-ratio will be greater than 2*91. 



Fio. 18.—Fotaasiuro tartrate. 


In view of the very difler(»ni Ixabit at the two ends of the cr}rBtal, it might 
be supposed that the result is influenced by asymmetry of habit (cf. p. 76), 
In order to avoid this source of error a face 6(010) might have been produced 
on the crystal artiflcially by grinding, but it was unnecessary to resort to this 
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method as crystals of ammonium tartrate^ although polar in character, exhibit 
a similar habit at the two ends (see fig. 7, p. 62). On this salt g{011} and 3'{0ll} 
were prominent forms. On some crystals other facets were also developed, 
sometimes differently at the two ends of the crystals ; but as these were always 
quite small it cannot be supposed that their presence or absence had any appreci¬ 
able effect on the rates of growth of q and q\ The results for the zone containing 
c(OOl), j(011) and j'(Oll) are given in Table VIII. The rate of growth of the 
two j-faces is the same, and differs from that of the two j'-faces, which also 
grow equally. The growth-ratios and are 1*86 and 1-37 

respectively, so that = 1 -SG. Such a difference in the rates of growth 

of parallel faces situated at the two ends of the polar axis, the faces being of 
similar size and having the same inclination to th<i axis, can only be due to 
structural polarity. 


Table VIIL—Ammonium tartrate, {NU,)jjCiH 40 o. 


No. oi 
experiment. 

Growth in millimetres. 

KclatLVo rate of 
growth. 

c ( OOl ) 

J(Oll) 

5 ( 011 ) 

e ( 00 l ) 

9 '( Oil ) 

9 '( Oil ) 

K, : K. 

K,. : Kc 

1 

in 

1*71 

1*71 


1*23 

1-26 

1*90 

1*38 

2 


U '21 


0-12 


HBZ9 

1*83 

1*33 

3 

■firl 

0-32 

0-32 



0*26 

1-88 

1-47 

4 

O>60 


1*10 

0*61 


0*81 

1*83 

1*34 

5 

0-14 

0*27 

0*25 

0*14 

0*18 

0*20 

1*86 

1-36 

6 

0-23 

0*42 

0*43 

0*23 


0*32 

1*85 

1-41 

7 

0-20 

K 1 y V 

0-61 

0*27 


0*36 


1-32 

8 

0-42 



0*42 

0*66 

0*56 

1-88 

1*33 

9 

0-21 


0*38 

0-21 

0*30 

0*30 

1 * 8.7 

1-43 

10 

0-42 

0*78 

WIWW 

0-41 

0*66 

0*57 

1*89 

1*36 

11 

0-34 



0*34 


0*45 

1*80 

1*34 

12 

0-36 

0*63 

0'66 

0 - 3 S 

0*47 

0*47 

1-83 

1-34 

13 

0*26 

0>01 

0*60 

0*27 


0*36 

1*91 

1*32 

14 

0>42 



0*42 



1-83 

1*35 

15 

0*54 



0*64 

BSZ9 

0*74 

1*81 

1*37 

16 

0*18 


0*34 

0*19 

0*26 

0*26 

1*81 

1*41 

17 

0*20 

0*37 


0*20 


0*28 

1*87 

1*42 

18 

0*25 

0*47 


0*25 

0*34 


1*88 

1*30 

10 

0 ' 1 « 

0*30 

0*20 

0-18 

0*22 

0*22 

1*81 

1*37 







Mean 

1-86 

1*37 


III.— Discussion of Rksut.ts. 

One of the main results of the present investigation is the proof that the 
various faces of a crystal grown under given uniform conditions have character¬ 
istic relative rates of growth. This fact has obviously an important bearing on 

o 2 
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tho habit of the cryatal, and throws light (if only incompletely) on its past 
history and determines its future development under the given conditions* 

The form of a crystal would seem to be determined by three main factors: 
(1) its structure, which is evidently determined by its chemical composition 
and the prevailing physical conditions of temperature and pressure; (2) the 
nature of the solution from which it separates; and (3) a variety of accidental 
circumstances, not easily subjected to exact study, such as its proximity to 
the walls of the enclosing vessel, or to other crystals, and the play of diffusion or 
concentration currents. The first two factors conjoined may be expected to 
lead to a standard or ideal habit to which individuals tend to conform in so far 
as they are not modified by the disturbing influences of the third category; 
and the immediate result of the present work is to justify this expectation and 
to establish the ideal type for each of the three douhlo sulphates investigated. 

This ideal habit is that which a crystal would assume if it could be subjected 
to uniform conditions of growth from the first moment of its formation. It 
can be obtained by constructing planes, parallel to the various faces observed 
on the actual crystal, at distances from a central point proportional to their 
measured rates of growth. 

In such an ideal crystal those fast growing faces which, if present, would 
tend to diminish in size and disappear with growth will not be represented. 
The habit of the ideal crystal will not change with growth, but all the faces 
will extend proportionately, retaining their relative size and shape. 

In practice, the ideal form has been constructed zone by zone, from the 
measurements, the ideal outline of each zone being found by drawing the traces 
of the several plamts at distances from a centre proportional to their rates of 
growth. Any fast growing planes which tend to diminish by the extension of 
other faces in the zone will thus be eliminated. With this procedure it may 
happen that certain faces which form part of the ideal outline of one zone may 
in another zone bo eliminated by the extension of adjacent faces of that zone. 
Such faces will not appear on the ideal crystal. 

The ideal t 3 rpe corresponding to the conditions of the experiments is shown in 
figs. 19 to 21 for magnesium-ammonium, iron-ammonium and magnesium- 
potassium sulphates respectively.* A comparison with figs. 1 to 6 will illustrate 
in each case the difference between an actual crystal and the ideal type* 
It will be clear that practical oonsiderations render it impossible to parepare 
an absolutely ideal crystal by growing it from the beginning under the 

* It may be mentionsd that a xiew point of view has been adopted in these three drawing, 
such both o'-faoei are at the back of the crystal in the upper half. 
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standard conditions, for there is a lower limit of size below which it 
cannot be handled, and an upper limit above which it becomes unmanageable. 




Fio. 19.—Magnesium-ammonium sulphate (ideal form). 



Fio. 20.—Iron-ammonium aulphato (ideal form). 



But it may be noted that an approach towards the ideal is more readily 
attainable in one respect than another. Bare faces, of fast growing 
forms such as p'{l20} and 5{010}, easily outgrow themselves and vanish 
completely; but an abnormal development in size of one or more of the common 
faces is not so quickly corrected by growth under uniform conditions, for it has 
been shown that relative rates of growth are constant, and it follows that the 
utmost a crystal can do is to approach, without quite attaining, the ideal habit 
p. 76). The rate at which such an approximation occurs is evidently 
determined by the relative velocities of growth of the various forms. 

An apparent contradiction to the constancy of relative rates of growth was 
observed in the exceptional behaviour of certain crystals of magnesium- 
anunonium sulphate which originally exhibited a single dominant 6-faoe and 



86 


M. Bentivoglio. 

in which the presence of this face influenced the rates of growth of the adjacent 
pair of prism faces. It must, however, be noted that this exceptional action 
of the 6-face rapidly decreases with growth, as its area diminishes. When the 
adjacent p-faces become a little larger in proportion and the 6-face smaller, the 
former acquire their normal relative rate of growth. The two largo p-faces, 
remote from 6, appear to grow ut the normal rate throughout the whole experi¬ 
ment, and their rate maintains a constant ratio to that of 6. It would appear, 
then, that in the early stages of growth the rapid deposit of material on the 
largo 6-face causes an impoverishment of the solution in its neighbourhood and 
draws in by diffusion or by concentration currents material which would normally 
bo deposited on the adjacent faces. 

While it is not proposed here to attempt a general discussion of the relations 
between rate of growth and crystal structmc, attention may be drawn to two 
results of the experiments which seem to prove that the rate of growth of a face 
cannot be dependent in a simple maner on its reticular density as suggested 
by Wulff. 

(1) It has been mentioned (p. 80) that in the isomorphous series of double 
sulphates examined the order of iiu^reasing rates of growth for different forms 
is widely different in the different salts, r being in one cose the fastest and in 
another the slowest growing form observed. In such closely related salts, 
however, the space lattices must be strictly analogous in type and very similar 
in their dimensions, as indicated by the topic axes, so that the order of increasing 
reticular densities must be the same in all. 

(2) More striking still is the marked difference in the rates of growth of 
parallel faces situated at opposite ends of the axis of symmetry in potasshun 
and ammonium tartrates, since in such faces the reticular densities of the space 
lattice planes must be identical, and the difference must therefore be due to a 
polarity in the arrangement of the atoms about the points of the lattice. 


Summary. 

1 . A method has been developed by which the relative rates of growth of the 
faces of a crystal may be measured with accuracy, the crystal being grown in a 
rotating vessel as suggested by Q. Wulff. 

2. By an extensive series of measurements on crystals of the isomorphous 
double sulphates of magnesium-ammoniiun, iron-ammonium and magnesium- 
potassium, of the formula R''B's(S 04 ),. 6 H 3 O, of potassium tartrate, 
KgCiHiOe . iSfi, and ammonium tartrate, (NHij^CiHiOe, the relative rates 
of growth of the faces occurring on these Bubstances have been determined. 
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3. The moasurementB prove that under the comlitions of the experiments 
described:— 

(i) The similar factjs of a simpk form grow at tho same rate, even when of 

different sizes. Hence a misshapen crystal, if grown under uniform 
conditions, tends towards, but never attains, the ideal form with equal 
faces. 

(ii) On a combination : 

Unlike faces grow at different rates. 

Like faces grow at the same rate, except when adjacent to a large face of 
another, fast growing, form which causes impoverishmcjit of the solution 
in its neighbourhood and destroys the uniformity of the conditions. 
Except in this case there is a constant ratio (under the given conditions) 
between the rates of growth of any two different forms. 

(iii) In the case of crystals having no centre of symmetry the rates of growth 
of parallel faces may be widely different. 

(iv) In an isomorphous series of salts the order of increasing rates of growth 
of different forms is not th(5 same in different members of the series. 

4. For each of the sulphates mentioned an “ ideal form ” has been con¬ 
structed, which is that which a crystal would possess whose faces had grown 
from the beginning at the observed rates. 

In conclusion I wish to acknowledge my iiulebtednoss l-o Dr. T, V. Barker 
and Prof. H. L. Bowman, who both siiggestcd the subject of tlie research and 
assisted me throughout with kind advice and criticism. 

The work was carried out in the Mineralogical Department of the University 
Museum at Oxford ; the cost of tlu* equipment was defrayt^d by a grant from 
the Royal Society. 
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The Tjatent Heat of Vaporization of Benzene at Temperatures 
above the Boilimj Point. 

By J. A. SirrcuFiCB, P. C. Ijay, aiid W. Ll. 1*bic‘habd. 

(Cominunicutc<l by D. L. Ohapinan, F.R.S.—Received September 7, 1926.— 

Revised March 22, 1927.) 

The progress TnH<lo in developing the molecular theory of matter in the 
liquid state has been retarded by the circumstance that the experimental data, 
available for the purpose of testing theoretical conclusions, are scanty. For 
such a purpose the latent heat of the vapour of a suitable liquid would be 
particularly useful. 

Numerous formulae expressing the latent heat of vapours at high tempera¬ 
tures as a fonction of two or more of the physical constants of the vapour and 
liquid have been proposed. Some of the references to the best known of these 
are— 

Bakker (‘ Z. f. Physik. Cliern.,* vol. 18, p. 619, 1896); Crompton (‘ Proc. 
Chem. Soc./ vol. 17, p. 61, 1901); Mills (‘ J. Phys. Chem.,* vol. 6, 
p. 209,1902); Dieterici (‘ Ann. d. Physik,’ vol. 36, p. 220,1911; vol. 62, 
p. 75, 1920); Lewis {‘ Phil. Mag,,* vol. 26, p. 61, 1913); Appleby and 
Chapman (‘ J. Chem. Soc.,* p. 734, 1914); Partington (‘ Z. f. Physik- 
Chem.,’ vol. 88, p. 29, 1914); Albertosi (‘ J. Chem. Phys.,* vol. 13, 
p. 379,1916); Hammick (‘ Phil. Mag.,* vol. 41, p. 21,1921); Thompson 
(‘ Chem. News,* vol. 123, p. 204, 1921); Mortimer (‘ J, Am. Chem. 
Soc.,* vol. 44, p. 1429,1922). 

A comparison of the latent heats deduced from such formal® with experi¬ 
mental data is difficult because, with a few exceptions, such data are limited 
to the direct determinations of the latent heats at a single temperature, namely, 
the boiling point, and to values calculated by means of the Clausius-Clapeyron 
equation from S. Young’s measurements of the vapour pressure and specific 
volume of the liquid and vapour of a number of organic liquids (‘ Proc. R. Dub. 
Soc.,* vol. 12, p. 374,1910), vide Sutton (‘ Phil. Mag.,* vol. 29, p. 693,1916). The 
degree of accuracy of the latent heat thus indirectly deduced is difficult to 
estimate and will not be known imtil the heat of vaporization of at least one 
of the liquids investigated by Young has been determined over a wide range 
of temperature. This communication is an account of a research conducted 
with this end in view. 
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Regnault (‘ M4m. do Paris/ 1862) determined the quantity of heat required 
to convert 1 gram of benzene liquid at 0° C. into saturated vapour at tem¬ 
peratures ranging from 7® 0. t^o 216® C. 'Fhe relation between this quantity 
of heat and the temperature of the saturated vapour was found to bo in agree¬ 
ment with the empirical formula :— 

X = 109-0 + 0-24429< — 0-0001316«*, 

in which t is the temperature and X the specified quantity of heat. XTnfortunately, 
data for the specific heat of benzene liquid are not available for the purpose 
of calculating the latent heat betwiicn these temperatures from Regnault’s 
figures. It is clear, however, funn the values obtained for the specifics heat 
at 0® C, (Mills and MacTlac, * J. Pliys. Chein.,’ vol. 14, p. 797, 1910; Pickering 
* Roy, Soc. Proc.,’ vol. 49, p. 11, 1891) and the fact that this quantity increases 
with rising temperature, that the equation for the latent heat, L, would become- 

L = a — hi —0/2 .. , 

where a, 6 and c are all positive quantities. Thus the variation of the latent 
heat with temperature would be represented by a curve bending towards the 
temperature axis. 

Griffiths and Marshall Phil. Mag.,’ 1896) determined the latent heat of 
benzene at low pressures. The determinations weie made over a comparatively 
small range of temperature, namely 30® C. to 60® C., and one additional experi¬ 
ment was performed at 20® 0. Over this range the latent heat was found to 
be satisfactorily represented by the linear relation- 

107-05-0'168i. 

The value at the boiling point (80*2® C.) calculated from this formula is 
94*37 calories per gram. 

Direct experiment at the boiling point by several workers has furnished 
results which, taken as a whole, are in fair agreement. The following values 
have been obtained in recent years:— 


Temperature. | 

Latent heat. 

Kxperimenter. 

80-0*0. 

93'90 

Nagomow & Reiinjanz (' Z. f. Physik. Cheiu.,* 1911). 
Brown (* J. Chom. Soo,,’ 1906). 

Tyier (• J. Chom. 800 ./ 1911). 

80-2*C. 

94-93 

80*86^0. 

94*36 

80*2" C. 

94-36 

Matthews (* J. Am. Chom. Soo.,* 1926). 


Matthews and Tyrer claim that their determinations at the boiling point 
are in agreement with the results of Griffiths and Marshall. The question 
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ariseH, however, m to whether tint linear relation between the latent heat and 
the temperature, asHumed by GrifTiths and Marehall, will continue to hold at 
a temperature 30® C. above the highest temperature at which a determination 
was made. The experiments of Regnault show that the graph obtained by 
plotting the latent heat against the temperature is a curve bending towards 
the temperature axis. The authors liave determined the latent lieat of benzene 
vapour at temperatures between the boiling point and 162° C., and it will bo 
shown in this communication that the curvature of the graph obtained by 
plotting tlio latent heat against the temperature cannot bo neglected. P'urther, 
it will be shown that an empirical equation of the type 

L = a — — it\ 

where a, b, c and d ore all positive quantities, furnishes values in agreement 
not only with the points on the curve experimentally (hitermined at high 
pressures by the authors, but also with those obtained at low pressures by 
Griffiths and Marshall. Thus the value for the latent heat at the boiling point, 
deduced from the combined data of Griffiths and Marshall and of the axithors, 
is appreciably lower than the value (94*37 calories per gram) calculated on the 
assumption that the linear relation between the latent heat and the temperatiu'(> 
continues to hold accurately from 60° C. to the boiling point. 

The experimental method was briefly as follows :—A measured quantity of 
electrical energy was supplied to a vacuum vessel (used as calorimeter) con- 
tahiiiig mercury, in which the bulb of a steel bomb was immersed. The benzene 
was allowed to evaporate from the bomb, through a fine steel capillary tube, 
at a rate so controlled, by manipulation of a needle valve at the top of the 
capillary tube, that the mean temperature of the calorimeter during the ex{>eri- 
mont was practically identical with that of a surrounding thermostat. The 
weight of benzene evaporated was determined by weighing the bomb before 
and after each experiment. The rate of evaporation was slow, about 8 gm. of 
benzene being evaporated per hour. 

The design of the apparatus (constructed by the Oxford Scientific Instrument 
Co.) is shown in elevation in fig. 1. An iron tube (a) was supported inside a 
second tube (6) a short distance above the bottom. The space between the 
two tubes was filled with a suitable liquid. The “ medicated paraffin,” which 
was used for the bath when experiments were performed at temperatures well 
above the boiling point of benzene, became viscous at lower temperatures and 
was replaced by aniline. The liquid was maintained at a constant temperature 
by means of a thermo-regulator. A flat base was welded on to the outer tube. 



II 


At the top of the tube a 
vas fixed firnily to the v 
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secured to the cAst-iron ring by nuts which were screwed down over the pins. 
In the lid four holes were drilled to take the top of the thermo-regulator, stirrer, 
heater and Beckmann thermometer, and in the centre a large hole was cut for 
the insertion of the inner tube. 

The base (c), welded on to the end of this tube, was cut in a manner suitable 
for supporting the bottom of a vacuum vessel (d), used as calorimeter, which 
was wound with asbestos cord (Z). At a convenient distance from the top of 
the tube a cast-iron collar v*) with a flange (w, v/) was fixed to the wall by 
two parallel sets of screws (x). The flange was drilled to enable it to pass 
over six pins (y) screwed in the cast lid of the outer vessel and was held down 
by nuts. 

The metal was cut from the flange at the places where it overlapped the 
holes in the cast lid. The whole apparatus was immersed in a cylindrical sheet- 
iron vessel (provided with a detachable lid, smtably bored with holes), which 
was packed with kieselguhr (c). To prevent the latter from entering the 
apparatus, steel tubes, which projected above the to2> of the kieselguhr, were 
tightly fitted into the holes in the cast lid. 

Resistance wire was wound round the outer tube (6) and round two metal 
cylinders, one of which (/) fitted round that part of the inner tube which pro¬ 
jected above the cast lid on the outer vessel, whilst the other (g) surroimded 
the upper portion of the apparatus. The heat generated by an electric current 
in the wire round the cylinder (/) served to keep the air space at the top of the 
inner tube at the correct temperature. 

At a suitable distance down the inner tube (a), a copper ring h*) was 
secured by screws (p). Resting on the ring was a block of copper (m) so cut 
that, when in position, the block and ring formed a complete cylinder. The 
ring contained three pins (}) over which the block passed and was thus 
prevented from rotating. The block was lowered on to the ring by two steel rods 
(A) screwed into the top and projecting above the lid of the vessel which 
contained the kieselguhr. The block was placed in a position well below the 
level of liquid (j) in the thermostat. Owing to the high thermal conductivity 
of copper, the block would acquire a uniform temperature, which would be nearly 
the same as that of the thermostat. In the block, holes were cut to admit 
the heater, thermometer, blowing tube and bomb. When these four objects 
were secured to it and immersed in the mercury contained in the calorimeter, 
the weight of the block more than coimterbalanced the upthrust. The block 
served to prevent, as far as possible, variation in the conduction of heat to 
and from the calorimeter. 
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To construct the bomb (n) a steel rod was drilled longitudinally. A steel 
plug was screwed into each end of the tube thus formed and the edge of each 
plug was welded to the wall of the tube. The capacity of the bomb was about 
64 C.O. The pltig at the top of the bomb was drilled and tapped before it 
was welded and a steel capillary tube of 3 mm. external diameter, 0’6 mm. 
internal bore, and about 60 cm. in length, was screwed into it. The joint was 
then soldered with silver. The lower portion of the capillary tube was bent 
into a spiral so that when the bomb was placed in position in the calorimeter 
the lower portion of the spiral would be immersed in the mercury. The rest 
of the spiral served to increase the length of steel capillary tubing between 
the copper block and the mercury, whereby the heat conducted into the 
mercury was diminished. 

The needle valve was 7 cm. above the top of the copper block. A sqiuire' 
cut piece of steel, soldered by silver to the capillary tube, fitted into a square 
hole in the block to which the bomb was secured. A glass tube was supported 
at a short distance below the needle valve. The benzene vapour, iRB\iing from 
the valve, escaped from the apparatus through this tube. Iiudde the tube 
was a slender silver-steel screw key, secured to the needle valve, which could 
thus be manipulated outside the apparatus. 

The bomb was electrolytically plated to prevent leakage. An unplated bomb 
was found to leak at the place where it was welded. Nickel was first used as 
coating, but it amalgamated with the mercury in the calorimeter at the high 
temperature. Hence the bomb was covered with electrolytic iron. A firm 
deposit of iron was obtained in the following way ;—K strong solution of ferrous 
sulphate, boiled with magnesium powder for some time, was filtered through 
a Buchner funnel and used whilst hot as the electrolyte. During the process 
of electroplating, a small quantity of magnesium powder was introduced into 
the bath to prevent oxidation of the solution and the bomb was kept evacuated 
in order to remove gas from the capillary tubes through which the leak occurred. 

Since the electrolytic coating rusted with great rapidity, the surface wits 
coveted with the adherent black magnetic oxide by the action of steam. After 
this treatment the weight alterations which occurred on inunersing the bomb 
in the hot mercury were found to be n^lijpble. 

The needle valve was electrolytically coated with copper which, being a soft 
metal, effectually prevented any leak when the needle was pressed into the 
steel seating. 

When the bomb was to be filled with benzene, a rubber stopper was pushed 
over the cylindrical container in order to support the bomb, with the capillary 
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tube pointing downwards, in a glass tube. The glass tube conununicated by 
a condenser with a distillation vessel into which pure benzene, supplied by 
Kahlbaum, and some lumps of sodium were introduced. The*nozzle of the 
bomb reached to the bottom of the glass tube in which it was supported. The 
desired quantity of dry benzene, which had been distilled over into this tube, 
was introduced into the bomb by evacuating the apparatus and then admitting 
air, dried with phosphorus peiitoxide. Finally, the bomb was withdrawn from 
the apparatus and closed by the lu^edle valve. 

The cylindrical vacuuiu vessel, employed as calorimeter, was evacuated at 
a temperature of about 400® C. by Sprengol and mercury vapour pumijs 
through a tube sealed on at the bottom of the outer wall. Unless evacuated 
at a high temperature, it rapidly became inefficient. When the objects were 
to be immersed in the calorimeter, the bomb was screwed to the copper block, 
tJic thermometer an<l heater were pushed through their res])ectivo holes in 
the block and bound to the bomb by wire. The block was thtm raised by the 
steel rods screwed into the top and carefully lowered into the apparatus. The 
rods were them unscrewed and removed. An asbestos lid covered the mouth 
of the calorimeter. A series of asbestos baffles were placed inside the inner 
tube to reduce the loss of heat from the air space at the top, and the mouth of 
the tube was covered by a box packed with asbestos wool. 

The mercury in the calorimeter was stirred by a current of carbon dioxide 
blown into it tlirough a glass capillary tube. The pressure of the carbon 
dioxide was kept constant by passing the gas from the cylinder into a largo 
reservoir provided with a manometer on whi(jh the pressure could be read. 
The pressure required for the delivery of the desired quantity of gas to the 
calorimeter was considerably inesreased by inserting a length of very fine capillary 
tubing between the reservoir and the blowing tube. Thereby, small variations 
of pressure in the reservoir caused inappreciable alterations in the rate of flow 
of the gas into the calorimeter. 

The heat generated by an electric current which passed through the wire 
wound round the outer iron tube (6, fig. 1) and the metal cylinder (^, fig. 1) 
maintained the bath at a temperature slightly below that desired. The small 
additional quantity of heat necessary to raise the bath to the required tem¬ 
perature was generated by an electric current passing through a resistance 
wire encased in a glass tube immersed in the liquid in the thermostat. A 
mercury-in-glass thermo-regulator which fitted into the annular space between 
the two tubes (a and 6, fig. 1) operated in the usual manner by cutting off the 
current through the heater. The temperature of the bath was maintained 
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constant to about 0*01^ C. The liquid was well stirred by a helical metal 
stirrer driven at high speed by an electric motor. 

The sir space at the top of the inner tube was maintained at a constant 
temperature slightly higher than that of the thermostat in order to prevent 
any condensation of benzene in the capillary tube of the bomb. To adjust 
the teinpcratuTo to which this air space was heated, the following method was 
adopted t—The heat(*ra of the air space, the top of the apparatus and the outer 
tube were (lonnected in series witli each other and with a rheostat, by means of 
which the total current, measured on a microammeter shunted off the circuit, 
was maintained constant. The relative currents through the heaters were 
suitably adjusted by rheostats shunted across them. A Beckmann thermometer, 
graduated in hundredths of a degree Centigrade, was used to indicate the tem¬ 
perature of tlie air space at the top of the inner tube. 

For the construction of the thermometer used in the calorimeter, a large bulb, 
iiit(j which mercury was iutrodiiced, was sealed on to a long piece of very fine 
capillary tubing. A small bulb was fused to* the top of the tube and scaled 
off. Precautions were taken to ensure that the mercury in the thermometer 
was free from gas bubbles. The mercury rose about 17 cm. up the capillary 
tube per degree Centigrade. Hence the thermometer was very sensitive. 
Nevertheless, the error caused by the sticking of the mercury to the walls of 
the glass capillary tube was not great, owing to the comparatively wide bore of 
the tube. In the outer bath a Beckmann thermometer, graduated in hundredths 
of a degree Centigrade, was used. This thermometer was calibrated by immersing 
it in the vapour of bromobenzene, w'hich was boiled under reduced pressure 
(in the case of the cxpeTimcnts performed at temperatures between 105® C. 
and 162® C.), The thermometer used in the calorimeter was immediately 
afterwards compared with the Beckmann thermometer in the thermostat. 
The vapour-pressure torni)eraturo curve for bromobenzent^ was determined 
using a thermometer standardized by the National Physical Laboratory, the 
pressures being read on a vac\ium manometer. The temperature read from 
this curve for any value of the vapour pressure agreed to 0*1® C. with that 
quoted by Young (‘ J. Chom, Soc.,’ vol. 47, p. 640, 1886), The temperatures 
given for the thermometer standardized by the National Physical Laboratory 
were on the constant volume air scale, accepting 444*6® C. aa the boiling point 
of sulphur under normal pressure. At the lowest temperature ut which experi¬ 
ments were performed water was used instead of bromobenzene, and the data 
of Begnault (Landolt-Bdrnstein tables, 1912 edition, p. 362) were accepted as 
correct. The operation of standardizing the thermometer used in the 
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calorimeter was performed both before and after each series of experiments. The 
results of the two standardizations agreed to 0*1** C., and the mean value was 
accepted as the correct temperature at which the aeries of experiments had 
been performed. 

For the construction of the electric heater used in the calorimeter, a length of 
resistance wire, made of an alloy with a very small, negative, temperature 
coefficient, was wound in a spiral round a narrow glass tube. The two ends 
of the wire were fused into tliick silver leads at the top of the tube. The leads 
were insulated by gloss tiilx^s through which they were pushed. Tlio heater 
was encased in a wide glass tube into which paraffin was introduced. The 
level of the paraffin was several centimetres above the bottom of the silver 
leads but was slightly below the level of the mercury contained in the 
calorimeter. 

The resistance of the heater was measured at 18** 0. on a Wheatstone bridge 
by comparing it with standard coils supplied by W. G. Pye and Co., Cambridge. 
The temperature coefficient of the resistance wire, used for the construction of 
the heater, was also determined over the range of temperature at which experi¬ 
ments were performed. The diameter of the silver leads was measured and 
their resistamie calculated from tlie following data of Dewar and Fleming 
(‘ Phil. Mag.,’ vol. 36, p. 271,1893 ; ‘ Roy. Inst. Gr. Brit.,’ June 6, 1896). 


Temperature. | 

Reciprocal rosistanco of a cubic contimotic* 

0®0, 

fi8-l2 X 10* 

9815® C. 

48-49 X 10* 

192- 1®C. 

38*34 X 10* 


The temperature coefficient of the resistance of the silver leads was also 
calculated from these data. 

In order to apply a correction for the heat generated in the leads by the 
electric current, the assumption was made that all the heat generated below 
the mercury level entered the calorimeter, whilst all generated above the 
mercury level was lost. 

The following values were thus obtained for the effective resistance of the 
heater 
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Toniperatutf. 


llosiJitance. 


C. 

105-42“ (*. 
125 25“ C. 
143-40“ 
151-80“ C. 


Ohms. 

«-717« 

H-7124 

0-7060 

0-7017 

0 0094 


The heater was standardizt'd at the laid of the first senes of exj)eriments and 
again at the end of the fourth scries of experiments. The agreement ladAveen 
the results obtained sliowcd that the resistance coil was free from secular 
changes. 

The energy supplied to the calorimeter was calculated from the formula 
H = C*R//J, where H is the heat in calories, C is the rurnmt in ninpcVes, R is 
the roaistanco in ohms, t is the. time in seconds, and J is tlio joule. 

The current was measured by a sdver voltameter. Two Hccuiuulat«)rs 
connected in series, each of 157 ampere-hours capacity, provided the electrical 
energy. A long platinum wire which dipjHjd mto mercury contained in a 
burette was inserted into the circuit. When mercury was added to the burette 
the length of platinum wire which was included in the circuit was altered. Jn 
this way the current, indicated on a galvanometer shunted off t.he circuit, was 
maintained constant. The following figures were taken for the calculations :— 
J = 4-1895 joules.* ElectrtKJhemical equivalent of silver-* O-OOl 1171)4. 
The time was recorded by a stop-watch, which was chetikcd rtqieatedly by 
means of the Greenwich time signal received by wireless telephony. 

The method of conducting an experiment was as follows : The calorimeter 
and contents were raised to a temperature approximately (»qual to that of 
the outer bath. When the temperature of the calorimeter was constant or 
altering at a very slow rate, the needle valve of the bomb w^-s opened. The 
current through the electric heater in the calorimeter was switched on and the 
stop-watch was simultaneously started. The rate of evaporation of tlic ben/cno 
was controlled in such a manner that the mean temperature of the calorimeter 
was maintained, during the experiment, nearly the same as the original tem¬ 
perature. The rote of evaporation was slow. Hence the vapour escaped 
from the surface of the liquid without ebullition, and errors due to priming were 

* Hub value was token because the* olcotrical methods of dctcTininixig this constant have 
given higher values than that n*commeuded by the Inteniatioiial Critical Tableu, and 
beoause it made possible a more exact comparison with the latent boat detennixiations of 
Griffiths and Marshall. 
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avoided. The temperatures of the calorimeter and the thermostat were recorded 
at intervals of two minutes throughout the period of the experiment (about 
three hours) so that a corretition (jould be applied for radiation. At the end 
of the experiment the calorimeter was allowed to cool slightly below its initial 
temperature and the valve was closed. The current was switched off and the 
stop-watch simultaneously stopped when the temperature had risen to its 
former value. Usually the initial and final temperatures differed slightly, and 
a small correction was necessary. This correction, however, did not affect 
the latent heat determination by more than 0*1 per cent., even if the initial 
and final temperatures rliffered by as much as 0*01° C., which was seldom the 
case. The thermomeier in the calorimeter was read until the temperature 
was constant or had assumod its original slow rate of alteration. The bomb 
was removed, cleantnl and weighed. 

It was necessary to apply a correction to the observed loss in weight of the 
bomb for twe^ rt'iisons :— 


(1) A volume of benzene vapour equal to the volume of benzene liquid 
evaporated is left in the bomb. 

(2) At the beginning of the o.vperimciii the bomb contains air, which is 
expelled by the prolonged evaporation. 

Let W bo observed loss in weight of bomb. 

Wo bo weight of air contained. 

ill b<j density of benzene liquid at the temperature of the experiment. 

be density of benzene vapour at the temperature of the experiment. 
V be volume of liquid evaporated. 

Wf be corrected weight of benzene evaporated. 


Then 

lleiico 




The values for di and were obtained from YoungV, data (‘ Vroc. Roy. Dub. 
Soc.,’ 1910). 

The metliod of counterpoise was adopted in performing the weighings. The 
weights wore calibrated against a 1-gram weight standardized by Mr. J. J, 
Manley, M.A. The magnitude of the error introduced by not correcting the 
weights to mcuo was estimated as inappreciable for this particular case. 

The rate of cooling of the calorimeter per minute per unit difference of 
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temperature between the calorimeter and the thermostat was detennined by 
raising the temperature of the calorimeter and recording the rate of fall of the 
thermometer which it contained. The radiation correction was then calculated 
by the application of Simpson’s rule. To determine the number of calories 
which must be added or subtracted (a) for radiation, {h) for the small rate of 
alteration (if any) of the tem})erature of the calorimeter before the experiment, 
and (c) for the difEerence between the initial and liiial temperatures of the 
calorimeter, the capacity for heat of the calorimeter is required. This was 
determined by an electrical method. The current was switched on tlirougli 
the heater for a measured time. A correction for radiation, etc., was applied 
to the resulting rise in temperature. 

The following tables give the oxjieriiuental results : 


First Senes. Mean temperature - - 151*80'^ C. 


Number of expenment. 

Latent boat 

(1) 

70 7^7 

(2) 

79 951 

(») 

80 025 

(M 

79 ms 

(fl) 

;9 7!»S 

(«) 

79 72ii 

(7) 

79*818 

Moan 79-88 _h OS 

Second Series. Mean temperature — 113 • *19® (’. 

Number uf cxpoiimont. 

Liilvnt lictit. 

(n 

81 751 

(2) 

81*700 

(3) 

81-728 

,4) 

Hi-TOC* 

.Mc,ni 81-71 L -01 


Third Se.ries. Mean teanporature — 125 *25® C. 


Numlicr of oxpcriiiienl. 

Jjitciit boat. 

(1) 

85*501 

(2) 

86 613 

(3) 

85 (>l>9 

W 

85 402 

Mraii 85-53 1: 02 


II 2 
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Fourth Series. Mean temperature as 106 *42° C. 


Number uf experiment. 


Lntent heat. 


(I) 

(a) 

Ci) 

(4) 


89-185 

89-228 

KO -281 

89 ‘IU 

Mean 89-29 [ -02 


Fifth S(*rinH. .Mojiii tempi*ratiirc ^ 86*86® C). 


Numbt'f of exiMMimeiit. 


I/a ton I heat. 


P) 

(0 


02-742 
92-740 
92 -(MW 
92 715 

Mean 92 72 .L -01 


These fables may be sumirmnzed as follows :— 


Tom)M‘rature. 

ileut uf va[iuiizalimi. 

NumlH-r of oxperiuuMit>fi 
licrfurmed. 

SO-SO 

5 I 2 72 

1 

10 .'i -42 

89 20 

1 

125-25 

85-53 

1 

145 19 

81-74 

1 

J 51-80 

79-86 

i 

7 

The results obtained by Onltiths and Marshall may be summarized 

follows- 



Temperature. 

! 

Hentuf vapurizatinii. 

1 

i\uralK*r of expenmonts 
IK^rformed, 

19-95 

103-82 

1 

30-07 

102-30 

6 

40 05 

100-71 

11 

50-01 

09-14 

8 


The most probable values of the four constants, a, b, c, aiul d in the equation 
L = tf -j- + cf® 1' dfij 


in which L is the heat of vaporization in calories and t is the temperature, 
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havo been calculated, using all the experimental results of Griffiths and Marshall 
and of the authors (49 experimental n»Mnlts). 

The equation was found to be : - 

L -= 106-868 - 1-47106 x U) H - 1-46582 X KrV- ;i-00266 x 10"V. 

The values obtained from this equnlion and those obtaiiuid by direct experi¬ 
ment are shown in the following table. In the last column the values cuilcuLited 
by Mills (from Young s data on the vapour pressure and specific voliinias of 
the liquid and vapour of benzcme) by nu-ans of th*‘ Glausius-lMapeyron equation 
arc given. 



Hoat ot 

Kcai of 

'I'riTiperutun-. 

\ Apofi^atiort 

fnim th<* 

CM] nation. 

\apnii/.ut loll 
hy ('xpenmenl 


Kvpcniiu 


(\iIruIutocl 
vrtiue for 
heat of 
vii|)ori/.atioit. 


Ifl-SW 

103-ST 

103 82 

(iiiditlw & Marsh ill 

30 07 

102 30 

102-30 


•lO'OS 

100-72 

mo-71 


60-01 

00-10 

<10-11 


80-80 

02-VS 

02-72 

Sii till tie, Lay ifr Piiihanl 

106 42 

H9-ai 

89 20 


125-26 

86-44 

8.6-63 


143-40 

81-08 1 

81-71 


161-80 

70-0f» 1 

1 

70-80 



srvtu 
82 l(» 
80-42 
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Tlw valu(‘ at the boiling point (80*2° C.) calculated from th(5 equation is 
93-94 calories per gram, in close agreement with the value obtained by 
Nagornow and Rotinjanz, but lower than that obtained by Tyrer and Matthews. 

The graph obtained by plotting the latent heat against the temperature is 
shown in iig. 2. 

Samimry. 

A method is dosenbod by which the heat of vaporization of liquids may bo 
nocuratoly detormiTied at temperatures above their boiling points. 

Th<* methfKl has I)(hui applied to the determination of tht* heat of vaporization 
of benzene. Consistent n‘Hulis have been obtained at five different t<nnperatures. 

These results are shown to be ui agreement with the results of Griffiths and 
Marshall at temperaturc^s l)<*low the boiling point. The values calculated from 
the equation: 

h = 106-«r,8 - 1 -dTlOd X W H - 1 -40582 X ^ 3-60200 X 

in wliicli li is ih<> heat of vaporization and t is the temperature, are in close 
agreement with the results obtaimul by direct experinumt at all the 
temperatures at which experiments have beem performed by Grifliths and 
Marshall and by the authors. 

In conclusion, one of us (J.A.S.) wLslies to thank the Department of Scientific 
and Industrial Uesenreh for a grant wliicb enabled him to continue the investi¬ 
gation for a further two years, during which ptuiod the results record<'d above 
were obtained by him with the apparatus in its final form. The authors also 
desire to thank the Royal Society for a generous grant which defrayed part of 
the expenses of the apparatus, and Mr. T). L. Chapman for his advice and help 
during the progress of the investigation. 
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The Relations Connecting the Angle-Sums and Volume of a 
Polytope in Space of n Dimensions, 

By D. M. Y, SoMMERViLLE, Victoria University College, Wellington, N.Z. 

(Communicated by Major P. MacMahon, F,ll B.—Received November 20,1026.) 

§1. hUfodiiction, 

1.1. In two-dimensional spherical or elliptic geometry we have the familiar 
relation between the area of a triangle and its ungle-snin, 

A=-lr(i:a-7r), (1.11) 

2jc being the measure of the whole aiigh* at a point, and h the space-constant, 
or, in spherical geometry, the radius of the sphere. It is well known that in 
three-dimensional sphoru^al or elliptic geometry there is no (jorresponding 
relation involving the volume of a tetrahedron.**' For elliptic or hyperbolic 
space of four dimensions it was proved by l)ehn*j* that the volume of a sinipU'x 
can be expressed linearly in terms of the sums of the dihedral angles (angles at 
a face), angles at an edge, and angles at a vertex, but for space of five dimensions 
the linear relations do not involve the volume. He indicates also, in a general 
way, the extensions of these results for spaces of any odd or even dimensions. 
He shows further that these results are comiccted with the form of the EulerJ 
polyhedral tlieorem, which is expressed by a linear relation connecting the 
numbers of boimdaries of different dimensions, and which for space of odd 
dimensions is not homogeneous, €,g,, Ng — Ni -f- — 2 in throe dimen- 

aiouB, but for space of oven dimensions is homogeneous, c.^., Nj —Nq—O 
in two dimaisions, Ng — Ng -f — N® == 0 in four. The connection, as Delia 
points out, was made use of by Legendre in a proof which he gave for the Euler 
formula in three dimonsioius.§ 

* H. W. Richmond ha» inveBtigatod an expresftion for the volume of a tetrahedron in 
elliptic space in terms of an integral, * Q. J. Math.,’ vol. 34, p, 175 (1903). Tjubochevsky 
himself investigated sinularly the volume of a tetrahedron in hyperbolic space, “ Founda¬ 
tions of geometry,” 1820, and ” Application of imaginary geometry to some intograls,” 

t M. Dehn, “ Die Eulersoho Formel im Zuaammenhang mit dom fnhalt in dor nicht- 
euklidischen Geometiie,*’ 'Math. Ann.,* vol. 61. p. 561 (1905). 

t L. Euler, * M4m. F^tenb.,* 1758. 

§ A. M. Legendre, ** EMments de g^m^lrio,” Liv. vii, Prop. xxv. (1794). The proof is 
reproduced in Todhuntor’s “ Spherical Trigonometry,” Chap.’xii, or Todhunter and Jx^uthem, 
Chap. xvi. 
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1.2. Dolm extends this connection in detail for four and five dimensions, 
and states the following general results in space of n dimensions for simplexes 
and for polytopes bounded entirely by simplexes : 

(1) In R„ there are 1 or J (h + 1) relations (according as » is even or 
odd) between the numbers of boundaries of a polytope bounded by 
simplexes. 

(2) There is a linear relation between the various angle-sums of a simplex 

(a Zerlegmigsinmriavte) whicli does or does not involve tlie volume 
according as n is even or odd. 

In tlie present paper these relations are actually obtained, and it is found 
for any polytope bounded by simplexes that the two kinds of relations, those 
which connect the numbers of boundaries, and those which connect the angle- 
sums, are of precisely the same form. 

§ 2. Measure of angles, 

2.1. We must first consider the different tyj>es of angles and their measure. 

In two dimensions there is just one type of angle to be considered, the angle 

between two directed straight lines or rays. Lot 0 be the vertex; draw a 
(Mrcle with centre 0, and let the two rays cut the circle in P, Q. The ratios of 
the arc PQ to the circumference, and the sector POQ to the area of the circle, 
are equal, and cither may be taken as a measure of the angle. The whole angle 
at a point would then have the measure unity. In the radian meamrey 27c is 
taken as the measure of the complete angle at a point; this is equivalent, in 
euclidean geometry, to taking as the measure of any angle the ratio of the arc 
to the radius. 

2.2. In non-euclidean geometry the latter ratio is not constant for a given 
angle, but we may still take as the radian measure of the angle 27u times the 
ratio of the arc to the circumference, or 27r times the ratio of the sector to the 
area of the circle. In spherical geometry, if the radius is increased until the 
circle reduces to the point antipodal to 0, the radian measure of the angle 
becomes 2tz times the ratio of the whole area enclosed by the two rays to the 
whole area of tlie plane. In elliptic geometiy, if the radius is increased until 
the circle becomes a straight line (the polar of 0), the radian measure of the angle 
becomes times the ratio of the whole area enclosed by the two rays to double 
the area of the plane. But if k is the space-constant the area of the whole 
plane is: in spherical geometry 477A^, and in elliptic geometry 27 ci*. In both 
spherical and elliptic geometry therefore the radian measure of an angle is the 
ratio of the area enclosed by the two rays to (In spherical geometry the 
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rays begin at 0 and end at the anti})odal point O'; m elliptic geometry they 
begin and end at O.) 

2.3. In three dimensions it is usual to distinguish two typos of iingh‘s : the 
angle between two planes (diliedral angle), and the anghi between three or nion* 
planes (solid angle}* These, however, are to be oonsideretl us of the same type. 
Ijct 0 b(5 the vertex, or, in 1 he case of the dihedral angle, any point on the edge, 
and draw a sphere with centre (). Then we may take as a measure of the 
angle the ratio of the urea which the planes cut out. on th(‘ surface of the sphere 
to the whole surface of the sphere, or the <*orresponding ratio of volumes. The 
measure of the whole angle at a point or an edge W'oiild then be unity. In 
euclidean geometry it is customary to take as the measure of a solid angle the 
ratio of the area cut out on the surface of the sphere to the scpiare of the radius. 
We may call this the radian fneasure ; the measure of the complete solid angle 
at a point would thou be Itu. AVe may tlierehjre defiru* the radian measure of 
a solid or diheilral angle as 4:tz times the ratio of the are.a cut out by the bound¬ 
ing planes on the surfaces of the sjdiere to the whole surface of the sphere, or 47 r 
times the corresponding ratio of volumes. In spherical geometry the ratio of 
the volume enclosed btdw'een the planes and the sphere to the whole volume of 
the sphere b<HJomes in tlie extrenm case the ratio of the ivhole volume encloatHl 
between the planes (on a specilied side of each of them) to the whole volume of 
space. As the whole volume of spherical spai’e of space-constant k is ei^ual 
to the hypersuiface of a hypersphere of radius - 27 r®Ar*, we havt*.: the radian 
measure of a solid or dihedral angle in spherical m* elliptic geometry is the ratio 
of the volume enclosed between the plane.s to i7r/r*. 

2.4. Generally, in n dimenskins there are angles bounded by 2,3, ... , u -- 1, 

or more than w — 1, hyperplanes. In euclidean geometry we define the radian 
measure of an angle as the ratio of the hypersurface cut out of a hypersphere 
whose centre is on the axis (vertex, edge, etc.) to the (n — l)tli power of the 
radius. The hypersurfaci* of a hyperspherc* of radius k in n (Jimensions is 
A!"~'n7t^"/r{'J(H +2)}. Hence the radian measure of the complete angle at a 
point is (« + 2)}. lii spherical or elliptic geometry similarly the 

radian measure of an angle is the ratio of the hyper volume enclosed by the 
bounding hyperplanes to 


r{H/H 2)} _ « ^ I VrtV {Un + 2)} 

r{i(n+3)} ■ rU(«|.3)} 

and the radian measure of the complete angle is 

r{l(n^2)r 


(2.4!) 


( 2 . 42 ) 
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Th« total volinno of spherical space is 


r{i(n + 3)} • 


(2.43) 


2.t5. Tn liyporbolic space also wo may lay down coTresponding measures of 
angles, although tlu' total voIumoM are not now available. Thus we may 
define t)i(» radian messure of an angle as proportional to the volume or the 
surface cut out of the stirrounding hypersphere, the numerical factor being so 
adjusted that the measure of the complete angle has the same value ns in 
elliptic or (uiclid('an space. 


§3. The relations cotuiecting the mtgle-sums of a simplex hi spherical space of 

n dimetmonH, 

3.1. A aitnplex in space of n dimensions is bounded by a + 1 hyperplanes, 
and, generally, i r-dimensional boundaries. 

A single byperplane divides space into two regions, which may be regarded 
as th(* positive and the negative side of the hyperplane, and denoted by f and 
—. Two hyperplanes divide space into four regions, which may be distin¬ 
guished by the signs + 4*^-H—< —h, fall into two pairs of opposite 

or antipodal regions. Three hyperplanes give eight regions, and finally the 
n + I hyperplanes divide space into 2”‘ ^ regions, which may b« distinguished 
by th(* it “h 1 signs + and — taken in a definite order. Each of these regions 
is the int(‘TU)r of a simplex, and we shall take the (m + 1) + signs as denoting 
the interior of the partitnilar simplex with which we are dealing. 

Every set of n hyperplanes determines a pair of antipodal points. We shall 
denote the v 1 vertices of the simplex by 0, I, 2,..., n, the antipodal points 
being denoted by O', 1', 2', ... , w/. The vertices of the 2” ‘ * simplexes are repre- 
sont(id by the n -f- 1 digits 0, 1, 2, .... n with or without accents. But we 
shall find it convenient to suppress the accented figures. Thus the antipodal 
regions (interiors of simplexes) (0'12...w) and (0r2'...i^') will bo denoted by 
(12...«) and (0) respectively, showing their relation to the given simplex as 
standing on an (a — l)*dimenHional boundary and a vertex respectively, 
(012...n) is the interior of the givmi simplex, and ( ) is the interior of the anti¬ 
podal simplex. 

The number of regions of the typo (012.,.r) is and there are the 

same number of antipodal regions (r p 1, / + 2, ..., w). When n is even, 
antipodal regions are always of different type, but when n is odd the antipodal 
regions {01,..^(n — 1)} and (J (a + 1), n}, which both involve i( n -f 1) 

figures, are of the same typo. Thus, in three dimensions, there arc 4 regions 
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on the faces of a tetrahedron, and the antipodal regions are the 4 regions on 
the vertices, while the G rogioiis on the edges form throe pairs of antipodal 
regions. We shall denote any region of tlie same type us (OL. r) by [r -)- 1]. 

3.2. Wo shall now consider tlie angul.ir n'gions contained by any minihcr of 

the bounding hyperplanes. The positive side of a hyperplane hfis jilready 
been implicitly d(»fined as that region whicli contains the interior of the simplex, 
the region ((112...w). The interior of any angular region is that which contuiim 
the interior of the simplex, or the region on ilu‘ positive side of each of the 
bounding liyperplnne> 4 , and the antijiodal region is that on the negativt‘ side 
of each of the houmling hy])erplanes ; we shall call the latter the vo-irUrrinr of 
the angular space. Wc shall denote the content, or volume of the interior 
of the angular space bounded by the two liyperj)hines 123 .jt and l»23...a 
by a 23 and that of the co-interior l>y a '23 n ; thus the number of suffives 
is erpml to the dimensions of the aals of the angular i*egi<»n. aga » eont.iiiis 
all those regions whose syrnJiols include both (> and 1, a'jj 3 .all tliose wliose 
symbols exclude, both (t and J. Similarly a-n „ denoi(»s the content of the 
interior of the angular space bounded by the three hyp<‘rplanes 123 . # 1 . 023...h, 
013...W, and contains all those regions whose symbols include 0, I and 2 ; and 
so on. a ,2 ,* will b(‘ taken to mean the whole region on the positive side of 
the hyperplane 12 ... w, aV 2 n negative side; i.c., „ is equal to the half 

of spare = tnkem to mean the whole of space 

= S. a will be taken to denote the volume V of the interior of the simplex, 
a' that of the antipodal simplex. 

3.3. The number of angular spaces of the type y, „ is 1 

This angle contains thi* following regions : 

1 region ( 012 ...w)» 

regions whose symbols are formed with n of th*' digitr 

0,1. V always including U, I, 2, .. . r. 

with n - 1 digits, and so on, 

1 region (012...r). 

3.4. Wo next consider the sums of the angular regions of the same type. 
Let £ [rj be denoted by so that A„, ^ denotes the volunu^ of the simplex 
V, and Aq the (equal) volume of the antipodal simplex. Let A'^ denote, the 
sum of the regions antipo<lal to those which composii A^. Then A', j ^ — A„_ 
both in total volume and in separate parts, and A,.^i — A„^, in volume. 

Let £aoj..r, the summation extending to all angular regions with r -}• I 
suflfixea, be denoted by Sr? Sa oi...r by 2^. £a (— a) may be denoted by 
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S-i so that i], I - V. „ 04 , 1 .« = whole volume of space S. 

2 ai 2 ...« = 2^. 1 ' 1) S A (rt f 1) S„. 

Now a given n*gioii 1^] (s > 71 - /*) is (Contained in each of the angular regions 
of type aoi , whose suflixes contain all the n 4 1 — x numbers whudi are not 
included in thi» symbol of [s], and the nuniber o1 these angular regions is gC„_,; 
hence in the sum Sa|)|...r eac.h region j.'jj ociairs tiriuis. Hence 


r^^ lA-n- r : 1 1 S ii r 1“ ••• "I" r 

H d r+1 ^ i f/ I ~P * * I' 7r 0 1-1 * 


(3.41) 


Thus, }>ultiiig / 0, J, //, we have the following h |- 1 equations in 

Ai, .. A,|. 

i-o ~ V ! V \ A]. 

i:i - i-jh V, i A,, 


i-Ti-i i'lAi -h A» "h ... 4’A„, 

i:. - V M- A, I A, -h 1 1 V. 

Also Hie relations 

A,, I -- A„ ,{r 0,1,. .,A« I or (a -- 1)} (3.42) 

supply A a or i(a 1-1) fm+lun equations, according ns n is even or odd. Hence 
by eliminating tlie A's we get, connecting Ihe volume V and the angle-sums 
2„ Ja f I or I (// 1) lelatious, f.c., li/t) -|- 1, where | Iw] denotes as usual the 

integral ]>ari of ^n. 

3.5. We may form the climinants by solving tins equations (3.41) for the 
A’s and subslituling in (3.42). 

From (3 41) we bave 
A| - 

Am - + 11-11^ 2 V, 

A.J *■ „ i(\w| 4* rtf'2i^o Kiif'aV. 

By induction we may sliow that 

Ar - IV I „ M-2(’|£r-2 I .• f ' r-'', 

+ (-)^-V;.,Io i (-)^nlaV, (3.61) 

for assuming this true up to r, wo have by (3.41) 

Arn iif ' nfif/-fi V T^OyAi A* A^ 
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Substituting the values of A^, A, in the riglit-htuid side. ihi» cueffieient of 
^«is 

--A-, +«-A-..,.(V , I - 

But 

(' (' — (' (' 
n—t -j)' r *— 1 » • »» -» fi n !«' r- • I ii* 

Ik'ilcu ilid (‘oefri(‘ieui «f is 

.{1- r-Pt f-- h( -r’-'r-.*', - (-y \-Pr - 

which estublishes (3.51). 

Hence, finally, equating A, and A„ , j i we have 

:^r-l-n-r+l!ClK-2-l-..' A ,1^*4 ••• 

-I ( )' ',/V iX. i ( ■ 

, f... i-( i-... 

-i (-r r^»+(-r n,y. m) 

as the linear relations comiecjtin^ the volume and aufj^le-Hiinis of a siujplox. We 
notice that n orW, V Jimppfnnt from all the equations. 

The functions on the two sides of this ecpuition occur fiequcntly. Wo shall 
(Icline the notation 

= ff-flu'll\ I H sid*i“s ^ i •• I'( Y 1. (iho3) 
Then Ihe equations (3.52) can be written 


For r = « + 1 or (», 


ril(—)• 


We have also the simple relation, already noted in 3.4. 


wluch can also Iks doriv<jd by olunination. In fact, -- An^x, 

etc., the last two equations of (3.11) give 

2S*^i - 2(n + 1) V f (nAi -h A„) f {(n -- 1) A, f 2A„ -f- 

- {n -f 1) (2V + At t- Ao + ..,) . -(//+ 1) S,. 


3*6. The foregoing inveHtigation applies to spherical geometry. In elliptic 
geometry antipodal paints coincide, the regions (01...r) and (r-f 1,, n) axe 
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continuously conucctoil and form one region, and t.he sums A^+i and are 
coincident iusiciud ul being merely of equal volume. But instead of S* we 
have 2J]„. The final equations are therefore the same except for this modi¬ 
fication. 

3.7. Now let denote* the sum of all the angles at f-dimcnsioual edges 
expressed in radian measure, so that 


and 


V - - y n » f 1 Vltr {!(» -j 2)} , _ . 

n ra(H 1-3)1 ’ 

...,h-2) (3.71) 

V ;.»(» 1 I)’'-"' " 

rif(H-3)} ■ 

(3.72) 

.-i(« i Dii.. 

(3.73) 


Kipiation (3.55) then lieeomes 

{n-{-ir}v 

«■ rau+1 1"^ 




7t- 


_ 1 

r{|(« + 2)}i 


(3.7-1) 


iiiid tJiH othiT (‘(juationH of (U.M) can be transformed similarly. The equations 
lluis rapressed in radian measure are the same in spherical and elliptic geometry. 

Kxcluding the equation i]._i - l(n | we luive therefore lirt] linear 
equations conneetiuR tlic volume V and the a — 1 angle-sums, and in these V 
disappears when a is odd. 

The following are the eqiuitions up to a 4 

a = 2 V — F (S„ — 7t), 

a — 3 b# — Sj -f 4ir = (I, 

„ = 4(*) V = S„-3F) 

V= (28,-38,+ 5S«-5F). 

* Prom tlifso ctjuations mo dmve 
and 

0 '3V. 

The cxprt'ftSiojiM on the n;dit aro, with diflrroiit notfttiori, Dc'lin’.'iZcrlcgungsinvarianton ” 
{be. rit.y p. 072). With a diarogard fur homogeneity he takes dificruiii units for the angles 
at a face and the augicn at a vertex or un edge, vb.., for the complete dihedral angle at a 
face the value 2v and for the complete angle at .-i vertex or an edge the value unity. In our 
formula) the complete angle in eu<'h ease hue the value 2ir*, the surface content of a hyper* 
sphere of radius unity in euclidean B])ace of four ilimensions, Ac., the total volume of spherioai 
space of throe dlmcnsiona and space-constant unity, 
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3.8, In euclidean geometry the space-constant A;—- <20 ; the resulting equa¬ 
tions are equivalent to putting V = 0,givinginall dimeiisionaouly linear identities 
involving the angle-sums. For hyperbolic geometry A: is a pure imaginary; 
when n is odd V and Jc disapjjear, and the relations between the angle-sums are 
the same in all three geometries ; when n is even h occurs to an even power ; 
for « 2 in hyjierbolic geometry, putting ik instead of A*, wc have 

while for n ~ 1 the equations are the same as in elli))tic geoiuetry. 

§4. Thcrehlions c&nDectiny the. nnuibers of bonnd(iries of dijfnrut flhm oMoHH of 
a polylope in space of n dimensions, 

4.1. Let the number of r-diniensional boundaries be dimoted by ainl let 

the number of ^-dimensional boundaries which ar(‘ incident with (jiass through 
or lie in) a part-icular gf-dimensional boundary be d(‘noted by Tf we sum 

the numbers Np, for all the g-dnneiisioiial boundaries the sum is equal to the 
number of p-dimensional boiindarics each counted as often as tlmrc are 
g-dimenKional boundaries incident with it, and this m the same as the nuinbi^r 
of g-dimensumal lioiuidaries each counted us ofleu as there are p-diinoiisioiul 
boundaries incident with it. Hence 

= (1.11) 
For u particular /;-dimeusional boundary Kuler's formula for p dimensions 
gives 

+ ... -1- ( b (“ D" l- 

Summing for all the p-dimensional boundaries 

£N,_i.p ™ + ... + H (-)"N, - N,.. (1,12) 

4.2. Take any vertex an<l draw a small hypersphero round it. This is 
cut by the boundaries at the vertex in a liypia’splierical polytojio with 
Nro — l)-dimonsional boundaries. Hence by Euler’s formula 

Nn.^ 1 , 0 * Nh- 2,0 + ••• + (—)"’'*Nao + (—!- (— 1)'^'^ — 1, 

and summing for all the vertices 

£N,„i.o “ £N..2 .o + ... + (-)’‘'*=£Nio + (-)" * No - No. 

Take next an edge and any point O on the eilge. Draw a byporplane through 
0 perpendicular to the edge, and a hyperaphero of dimensions with 

centra 0 and lying in the hyperpkne. This hypersphere is cut by the 
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boundaries at the edge in a hyperspherical polytope of n — 2 dimensions with 
N,i (f — 2)-dimensional boundaries. Hence by Euler's formula 

- N„ + ... + + (- ir - = 1. 


SuniJiiing for all the edges 

v:n, - XN,. ,.i I ... -I { -i-(-r'-Ni -Ni. 

rroceeding similarly wilh the /^-diinoiisional boundaries we have 

SN, + . . + ( -r f I N, N,. (4.21) 


These relations are not all imh^pendent, and when a is even it can be shown 
that Euler’s formula for the whole polytope is derived from them alg(d)raic*Hlly ; 
for taking the term in N,, to the right, multiplying all the enuatioiw (4.12) 
by + 1 and ecjuations (4.21) by ~1 and adding, we> have on the right 


I — N,| j + ... “h Nj — N«,), 


and on the loft we have the terms 


Thus Euler a Ihvrem for eecn mhtcs of a follows from its trnth for all souiller 
valaes of n and the equations (4.11). 

Eor (Mid values of n the equations do not involve the numbers at all 
as these disojipear both from equations (4.12) and from equations (4.21). This 
is noted by Dehu for n = 5, and ho establishes Killer's formula for n .=- 5 by 
dividing the polytopc into simplexes, 

4.3. Polytope bounded efUindy by jsrimpkww.—When the boundaries of the 
l)olytope are all simplexes we can derive relations connecting the numbers 
alone, without the individual numbers Np,,. In this case we have 

N„ = „+xC,+x (p<<i) (4.31) 

and 

i:N^, = ,+,C,+ X N, (/; < q). (4.32) 

KqimtiuuH (4.12) become idcntitioii, while equations (4.21) becumu 

2+ ... + ( —)*“'’~^p.taC,4xN„4.i 

+ (_)—{p = 0.1,....a-l), (1.33) 
For p = n — 1, however, we get merely the identity N„_x = N,_i, and the 
equations for p = « — 2 and p — » — 3 both reduce to 

/»N..x = 2N„_s. 


(4.34) 
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If we assume also Euler’s formula for the whole polytope, it may be considered 
as included in (4.33) for p = — 1, with the understanding that = 1, thus 

+ ... + No + ir - 1. (4.35) 

4.4. The equations (4.33) are in fact not all independent. They may be 
expressed in another form, which is sometimes more useful, by first eliminating 
between the first two (Euler’s equation (4.36) being counted as the first 
one), then and N^.^ betweiju the first three, and so on. Thus, multi¬ 
plying the first two equations respectively by —n and 1, and adding, we get 

N,..2 - 2N„_a + 3N„_, - ... 1- (-^)’‘“-(n - l)Nn + - No - w. 

Multiplying the first three equations by ^Cg, ^ adding, we get 

Nn_a — 8C2Nft„4 + — ... + (~)"“^«.-lCoNo + (—)'*»C2 

- Ni-„^iC,N„ + „C2; 

and, generally, multiplying the first r + 1 equations by 
..., (—1)'’ respectively, and adding, we get 
- ,+iCxN„,,. 2 + ... + (-)"-'-*n .iC„ ,-iNo ‘h (-)” 

= N,.x-„«,+vC\N,„ 2 f ... h(-r^~iO,_xNo -f-(~)\0„ (4.41) 
that is, «^r(N) (4.42) 

Thus the equations which connect the number of bomidaries of a polytope bounded 
eniirdy by simplexes are precisely the same as those which corned the volwne and 
cmgular regions of a simplex, but in one dimension leas. The number of these 
equations is (n + 1)]. 

4.6. Bdations hdwem the number of boundaries of a pyramid. —We may inter¬ 
polate here the special relations for a pyramid. 

Consider a pyramid whose base is a polytope of (n — 1) dimensions with 
Wf r-dimensional boundaries, and let N,. be the number of r-dimensional 
boundaries of the pyramid. 

Then 

No - Wo + 1.N, = N', + N',.x,N,^i == 1 + N',.2. 

Therefore 

N'o = No - 1, 

N'l = Ni-N'o = Ni-No + 1, 


N', = Nr - N,^i + N,.2 - ... + (-)^No + (~ 1)^+1, 

N',_2 = N,_2 - N,_, +... + (-)-*N„ + (- l)->. 

1 » N._a - N.-2 + ... + (~)"-'No + (- ir. (4.61) 

VOL. OXV.—A. 


I 
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The last relation is the first Euler relation for the pyramid, viz., 

This direct proof is of interest as it holds for odd or even dimensions and does 
not involve induction from lower dimeasions or other extraneous assumptions. 
We have also for the base of the pyramid 

1 = NV_* - F,_3 + ... + {-)"-“N'o + (- 1)"-^ 

= N„_2 - 2N,_, + ... + (-)» - (« - 1) No + (-r’«, 

,^,_j(N) = l (4.62) 

If the base is itself n pyramid of (»— 1) dimensions it follows that 

i.c., N',. 3 - 2N'„ .4 + ... + (-)-»(n - 2) N'o + (-)* * {n - 1) 1. 

Hence 


1 - N._3 - N._4 + ... + (-)"-“No + {- l)"-2 

- 2N,_4 + ... + (-)’-* 2N„ + 2(-l)"-*... 

- N...S - 3N._4 + 6N,_5 - ... + (-)“-*«_iC,_3No + ,C„_3, 


t.c.. 




(4.63) 


We may call the pyramid in this case a pyramid of the second order. A pyramid 
of order r is one whoso base is a pyramid of order r — 1. In two dimensions a 
pyramid of first order is a triangle, in three dimensions a pyramid of second 
order is a tetrahedron, and generally in n dimensions a pyramid of order (n — 1) 
is a simplex. 

It can be shown generally by induction that for a pyramid of order r we have 
the r + 1 relations 

(N) = 1, (s = n, n - 1,.... n - r). (4.64) 


6.1. Take any point in the interior of the polytope, and join it to all the 
vertices, thus dividing it centrally into simplezes. Let E, denote the sum of 
the angiilar regions at the r-dimensional edges for the polytope, and S', I'ke 
corresponding sum for a constituent simplex; V the whole volume and V' 
that of a constituent simplex. 
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Then 


ss'i +NoS.. 

^£'„ - So -h s.. 

SV' - V. 

0.2. For each simplex we have the relations 

n+l^r {f‘) — M+l^n -r 11 (^0> 

Summing these equations and substituting for SS', wo have for r = 1, 2, ... 

[i(n-l)] 

,+i^,(S) + + ... I- 

= »n^n-,,i(2) + + ... + (-r'.0„_,)S„ 

that is, 

.+1^,(S) - - „^r-i(N)}S. 

- U, (N) - ,^,..1 (N)} S,. by (4.42) 

= „, (N). S. = - (N). S„, (5.21) 

since + ,CV_i = ,+iC,. 

But for f = 0 

,+x^(S)-,+i^,+i(S) = {(N„_x-1) -N„.. + ... +(-)-^No+(-l)*}S» 

= 0. (5.22) 

i.6,, the first relation, viz., 

s. - 2;._x + s,_* -... + (-)-2„ + (-)»+’ V - V. 


is the same for all polytopes boimdod entirely by simplexes. 

We have also the relation, 

2S,_, = N,_,.S.. (5.23) 

The relations between the volume and the angle-sums in r idian measure for 
m 3s 2, 3, 4 ate 

» * 2 ; V = t*{So - (Nx -2)n}, (6.24) 

n = 3: 0 = S, —Si+(N 2 —2)2ir, (6.25) 

„ = 4 ; V = jifcMS* - Si -t- So + (2 - N,) 7t*}, (6.26) 


V = VV**{2S2 — 3Si + 5So — (2N, + N, -10) «•}. 

$ 6. Rdaiions between the vokme and the angle-sum for any Eiderian poilytope. 
6.1. Take any r-dimensional boundary and divide it centrally. Then if 
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ia tho voluino of tho augulai region at that boundary as edge, we have, if S, 
is the sum of the angular r^ions at an s-diniensional edge for the given poly¬ 
tope, and S', that for the transformed polytope, 

S', = S, (s = M, w — 1,..., r-f-1) 

S', = S,.f(N,_i.,-l)a„ 

S', = s, -f N,_j,,a, (s = r — 1, r — 2.1) 

S'o - = So + «r> 

V'r=rV. 

Then 

S', -S'„„i + ... + (-r-'S'i + {-rSo' + (-)"'’V' 

-s,- + 

-f- 1) - ... + (-riNo., + (-l)'}«r 

= S.-S„_x-i-...4-(-)"So + (-r*V, 

.+»^.+i(S')-,+i^„+,(S). 

Thxis the function ,^.x^,+x(S) is not altered if all the boundaries are divided 
centrally. If all the boundaries of all dimensions are divided centrally the 
polytope is transformed into one bounded entirely by simplexes, hence the 
rdatxon 

S, - S,.x + S ._2 - ... + (-)»So-1- (-r+i V = V (6.11) 
is true for dll Eiderian polytopes. 

6.2. For the other relations it is found that the angles at the individual 
boundaries are involved. We shall work out as an example the case of n = 4. 

Consider a polytope in space of 4 dimensions. Lot N, be the number of its 
r-dimensional boundaries, N,, the munber of p-dimensional boundaries of, or 
incident with, a particular g-dimensional boundary. 

First choose any 2-dimenBional boundary and divide it centrally. Let S, 
be the sum of the angular regions for the polytope. S', those for the trans¬ 
formed polytope. 

'Then S'x = S*, 

S'8 = S3. 

S'j = S| -1- (Nxi — 1) ag, 

S'x = Sx -|- Ngj^g, 

= 21o -f- a„ 

V' = V, 

Where a, is the angle at the 2-diinensioiutl boundary. Also N^g => N^g. 
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Let the ftmction 

6^4 (i:) - (i:) = s, - 2Sg + 3Si - 6So + lov = tj, (S). 

Then 

^ (!') = S'a - 2S'a + SS:\ - 6S'o + lOV' 

= (S) + (- 2N„ + 2 + 3N„, - 6) «3 

=* <J/ (S) + (Ni3 - 3) «3. 

Hence if all the 2 -dimen 8 ional boundaries are divided centrally 

^ (S') = «KS) + S (Nu - 3) a*. (6.21) 

Next choose any S-dimonsional boundary and divide it contrally. Let 
N',a be the number of its boundaries of p dimensions, S''^ the siun of the angular 
regions at an r-dimousioiial edge for the polytopo thus further transformed. 
Then 

= s'4, 

S"3=S'3 + (N'33-1)«3, 

S"3 = S'a + N',3«3. 

S"i - S'l + N'oaaa, 

S"o = S'o + as, 

V" =V', 

where as is the angle at the 3-dimensioiial boundary, — 

Then 4/ (S") = <|/ (S') + (N'^ - 1 - 2 N'i, + SN'oj - 6 ) JSi, and when all 
the 3-dimensional boundaries are divided centrally 

^ (S") = ^ (S') -1- S (N's, - 2N',3 f 3 N'o3 - 6) JS,. (6.22) 

But N'q 3 = N 33 N 33 , 

N'i 3 = Ni 3 -f SN^s (the suinmatiou extending over the faces of the 
boundary) 

— Nj 3 -f- 2 Ni3 — 3Nj3, 

N'„ = SNi 3 = 2 N„. 

Hence 

N'm - 2N'i8 -h 3N'o, - 6 = 3Nj, - 4Ni3 + 3 X 33 - 6 

--N„, 

and, since the polytope is now bounded entirely by simplexes, by (5.21) 

6^4(S")-S^i(£")= -5^i(N").S3, 

4'(S")»(5-N"o)S4. 
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But 

N»„ = N'o + N' 3 , 

N'o = No + N„ N'o = N 3 . 

Therefore 

N''o = No + No 4 N 3 . 

lluuco finally 

(S') - 2 : (Njo - 3) ao 

= (6 - N''o) 2:4 + *2:* . 2:Ni3 - 2 : (N,3 - 3)a3 
= (6 - No - No - N 3 + JIINio) 2 : 4-2 (Nio ~ 3) a* (6.23) 

6.3. For the regular polytopes, or more generally the homogeneous poly- 
topes, these relations become simplified since Nj, and Njs are the same for all 
the boundaries. 

We have N^o = N 03 -1- N 03 — 2, 

2 No, - SN 30 = NjNoo = 2 No, 

SN „3 = SN 30 - N 0 N 30 , 

hence SNjj = 2 N 2 -f Njo Nj — 2 N 3 . 

Also 2 (Nj, - 3) ao = (N^ - 3) 2o, and 23 = iN 3 . 24 . 

Hence we have 

UN, + (1 - iNoo) No - 6 } 24 4- (N„ - 6 ) 2o + 32i - 62o -1- lOV = 0, (6.31) 
or in terms of the radian measures 

2*H[5N,-|-(2-N,o)No-10]«*4-(N,o-6)S,-f3So-6So)-M5V = 0. (6.32) 
We have also by ( 6 . 11 ) 

2jfc* {(2 - Na) 71* -f S, - Si -I- So) = 3V. (6.33) 

Eliminating V we get 

Ni,S, - 28i = (N,o - 2) NoTJ*. (6.34) 

6.4. In particular for the regular polytopes,if ao, ai, ao radian measures 

of the angles at a face, an edge, and a vertex, 83 = No«o, Si ss Niai, 83 = NoKq. 
Equation (6.34) then becomes 

No,N*x, - 2Niai = (N«, - 2) NoTI* ; 

but No,N, = N*^o “d 2 Ni = NoiNi = NjoNo. 
hence 

N*,a, - Nio«i = (N,o “ 2) 7t*. (6.41) 

This result is easily verified directly by drawing a hypetsphere round a vertex 
and applying equation (6.26), which gives 

8'i-S',4-(N„-2)7*» = 0, 
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8\ and being the sums of the angles at the edges and faces at that vertex, 
and It® (for 4 dimensions) replacing irz (for 3 dimensions), half the complete 
angle at a point. Then ~ NjQai and S'^ 

Since N 30 ~ Ng^ = 2 , equation (6.41) may also be written 

N2o(a2-^*)=-Ni„(ai-7r®). (6.42) 

If denotes the number of jj-dinionsional bomularies through a g-dinmn- 
sional boundary and lying in an r-dimcnsional boundary 

^ 32^20 “ 3 ^ 20^30 ~ 3 ^ 10^30 ^ ^ 31 ^ 10 * 

and Ngg — 2, hence 2 N 20 = N^iN^q, and (6.42) may be further simplified to 

N3i(a2-u®)-2(ai-7t®). (6.43) 

For the 5-, 8 -, 24- and 120 -cells Ngj ~ 3, for the 16-cell Ngj = 4, and for the 
600-cell Nai = 6 . 

The numbers N^i — N^g — h* gNgg = Arg, and Ngi ~ Ng^ = are 

the fundametUal numbers of the regular polytopes,* in tenns of which all the 
numbers and the ratios of the numbers N,. can be expressed, 

♦ See the author's fuipcr “ Tho regular divisionB of space of n dimcusiuiis iind their 
metrical conatanta,'* Palermo, * Itcnd. Circ. mat.,’ vol, 48, pp, 1 14 (i924). 
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Tfiermal Changes in Iron-Manganese Alloys^ Low in Carbon, 
By Sir Bobebt Hadfibld, F.R.S. 

(Received March 17, 1927.) 
hUroductiofi. 

As this paper deals with one part only of a very extended research on iron- 
manganese alloys low in carbon produced by the author, an outline of the 
general results obtained would appear useful and appropriate as an introduction. 

Although the peculiar qualities of the alloy known as manganese steel, in 
which the carbon present is high, have been examined from many points of 
view, in the present research the author’s special object has been to study this 
series with the carbon content reduced to so low a percentage as to be 
practically negligible. 

The alloys have been submitted to a very wide range of tests, numbering over 
eight himdred—mechanical, physical, magnetic, chemical, and metallographic— 
the research forming a continuation of the author’s original work, which 
resulted in the discovery of manganese steel, the now well-known alloy which 
contains 12 to 14 per cent, of manganese, with high carbon; that is, 1*00 to 
1 ‘25 |}cr cent. Tliis material, after ** heat treatment and quenching,” possesses 
very high tenacity combined with extraordinary toughness. 

As a result of this research the author has found that the low carbon allojrs 
here described when heat-treated and quenched do not possess the remarkable 
combination of tenacity and ductility displayed by manganese steel in anything 
like the same degree. At the time of the original research, some forty years 
ago, it haj)pened, fortunately for industrial applications, that the only known 
and accessible materials with which to produce his iron-manganese alloys 
were spiegel and ferro-manganese, each containing comparatively high 
percentages of carbon. Therefore, the sAloya so produced were high in carbon. 
Metallic manganese of the purity that would have produced a low-carbon 
alloy was not then available. 

The important fact has been proved by this research that the whole range 
of these low-carbon alloys is much less amenable to the effects of this heating 
and quenching, a fact of primary metallurgical importance. 

In respect of mechanical qualities the alloys* group themselves into five ranges 
of composition:— 

* For detailed composition v. under fig. 1. 
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(1) Mn under 4 per cent.—alloys comparatiYoly soft and tough, becoming 

harder and less tough with increasing Mn. 

(2) Mu 4-10 „ „ characterised by comparatively high Brinell 

hardness (region of 400) and brittleness. 

(.1) Mn 10-16 „ „ a transition zone in which the ductility improves 

and hardness decreases as Mn increases. 

(4) Mn 15-39 „ „ character approaching manganese steel—^Brinell 

hardness about 200, tenacity and ductility 
considerable, with a fair capacity for work¬ 
hardening. 

(6) Mn 61*60 „ „ showed intermediate qualities—the product 

could not be forged successfully at any 
temperature between 800 and 1100° C. 

(6) Mn about 80 „ „ Hard and brittle. 

Under heat treatment some changes occur in the mechanical qualities of these 
alloys, but in no case is anything like a transformation effected, the essential 
characteristics remain. 

Manganese steel heat-treated and water-quenched, possesses great tenacity, 
namely, about 70 tons per square inch, with alK>ut 70 per cent, elongation 
and comparatively low Brinell hanlness. Annealing for a considerable time 
works a complete transformation, the steel becoming extremely hard and 
brittle—that is, up to Brinell hardness 500. At the same time, the micro- 
structure, from being of the purely austenitic type, now shouts carbide deposited 
in considerable amounts from solid solution in acicular formation. Important 
magnetic changes also follow through the whole range of the alloys. 

Thus it is seen that heat-treatment operates mainly through the carbon 
present, and its physical anr] chemical relations with the iron and manganese. 
It is further interesting to find that the characteristic ductility and toughness 
of manganese steel are almost completely lost in these alloys in which the 
carbon is practically eliminated. Thus, as is shown elsewhere,* specimen 
1379/E shows that the elongation is reduced to no more than 2 percent, in the 
practically carbon-free material, as against about 70 per cent, for ordinary 
manganese steel with high carbon, an indication of the important r61e played 
by the carbon. 

In connection with the brittlenesb shown in Group 2 above, the following 

* VHt Hadficid, “Alloys of Iron and Manganese containing Ix)W Carbon,” Table VI, 
* Joum. Iron and Steel Inst.,* 1927 (m (Ae ptsM), 
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points are also ol interest. In the author's original manganese steel (see 
‘ Proc. Inst. dv. Eng./ 1888), with a G; Mn ratio of 1:10, a somewhat similar 
combination of brittleness and hardness was noted. The alloy in question 
(0-48 0, 6-00 Mn) was so brittle that it could be readily pounded with a hand- 
hammer, and thus seems to be connected with the similar brittleness above- 
mentioned, although found there in a less-marked degree. This quality in the 
alloys of comparatively low Mn percentage is evidently derived mainly from 
the Fe-Mn relation, although the presence of carbon acceUtuates the brittleness 
and increases the hardness to over 600 Brinell. 

In determining magnetic properties three conditions were examined— 
forged, annealed, water-quenche<}. In each case also a bar was water-quenched 
from 1000® C., and afterwards reheated to 500® C. for 60 hours, which treat¬ 
ment confers strong magnetic properties upon manganese steed. (The reasons 
for applying this special annealing are given in the author's joint paper with 
the late Prof. Onnes and Dr. Woltjor, published in the ‘ Roy, Soc. Proc.,' A, 
vol. 99,1921.) Alloys of the groups with high Mn j)ercentage (more than 16 per 
cent.) became almost completely non-magnetic, whether of low carbon content 
or with 1 to 1-30 per cent,, as in ordinary manganese steel. 

The author gives a table* of the magnetic results, together with the 
electrical resistance, of the alloys in water-quenched condition. This shows 
that the magnetism falls away in two stages- a fairly slow drop from 0 to 7 per 
cent, Mn, and a more rapid drop from 7 per cent, to about 16 per cent. It 
is further shown in the present research that the non-magnetic quality persists 
not only up to a manganese content of 39 jier cent., but also that the 60 and 
80 per cent, alloys possess this characteristic, as is the case with the metal 
maugauoso itself unalloyed with iron. 

With the specimens reheated to 600® C. for 60 hours, it is seen that their 
specific magnetism remains in all cases practically the same as in the original 
water-quenched condition. The fact noted in the joint paper above mentioned, 
that these Fe-Mn alloys, in contradistinction to manganese steel, are not 
affected in their magnetism by such heat-treatment is fully confirmed. 

In view of the fact that manganese steel, containing about 13 per cent. Mn 
and 1 *26 per cent. C, is practically non-magnetic, it is somewhat surprising 
to find that removal of the carbon produced such a great change; in fact, a 
complete transformation in this characteristic—^that is, an alloy containing 
12* 96 per cent, manganese and 0-09 per cent, carbon, shows no less than 
12 per cent, specific magnetism. On the other hand, a low-carbon iron- 
* Firfe Hadfield, toe. ci«., Table XVI. 
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manganeae alloy with 17 per cent, manganese and 0 • 16 per cent, carbon, shows 
absence of magnetic susceptibility. 

The author has prepared a table* of comparative magnetic data 
for low-carbon alloys, and for those containing about 1 per cent, carbon. 
Those containing the higher percentages of manganese are non-magnetic, even 
in the practical absence of carbon, but the presence of carbon causes the non¬ 
magnetic quality to api)car at a manganese percentage much lower than in 
its absence. With about 1 per cent, carbon not more than 7 yer cent, 
manganese is necessary ; while with Jow-carbon 16 to 17 per cent, or more of 
manganese is requisite to suppress the magnetic qualities of the iron. 

It is thus seen to be an important conclusion from this research that the 
non-magnetic qualities and want of ausceptibilty of these Fo-Mn alloys are 
largely influenced by the proportion of carbon present. 

Many other interesting results of this extensive research must necessarily 
remain unrecited in this brief summary. It is hoped, however, that this 
introduction will serve to give some idea of the general nature and peculiarities 
of the alloys, the thermal changes of which form the subject of the following 
paper. 


1.—The present research into the physical changes which these alloys undergo 
during heating and cooling, fonns an extension of this work. 

From the fact that alloys of iron and nickel, which at about 30 per cent, 
nickel become practically non-magnetic, can be transformed and rendered 
magnetic by cooling to a sufficiently low temperature, it had been inferred 
that iron-manganese alloys were similar in character and sUould behave in 
the same manner. This theory was also in fact extended to manganese steel, 
the alloy containing between 12 and 14 per cent, manganese r.nd, in addition, 
carbon to the extent of about 1 to 1^ per cent., that is, it was supposed that 
this non-magnetic alloy, if cooled to a sufficiently low temperature, would 
become magnetic. 

The author’s various researches, and especially that carried out in collabora¬ 
tion with the late Professor Kamerlingh Onnes and Dr. H. R. Woltjer, recorded 
in the joint paper read before tbis Society in 1921, has definitely shown that 
no such transformation occurs in the non-magnetic alloys of iron and man¬ 
ganese even down to temperatures as low as that of liquid helium, luimely, 

* Hadiield, 2oe. Table 2UU. 
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—269° C. It ia thus established with reasonable certainty that there is an 
essential difference in metallurgical characiicr between the alloys of iron and 
manganese and those of iron and nickel. Whereas the non-magnetic alloys 
of iron and nickel undergo critical magnetic changes at a temperature below 
atmospheric, it is found that no such changes occur in the iron-manganese 
alloys. 

It was desirable, however, to trace the actual progress of the thermal changes 
in their position on the temperature scale with varying manganese percentage 
so as to ascertain whether the temperature of the magnetic transformation 
does in fact pass below atmospheric temperature. The complete series of 
alloys from 1*70 to 38*90 per cent, manganese, also an additional alloy con¬ 
taining 83-60 per cent, manganese, described in the author's recent paper to 
this Society, presented an excellent opportunity for obtaining this information. 
The determination of the temperature of the critical changes in the iron- 
manganese allo 3 rB has therefore been the object of the present research. 

The temperatures at which the magnetic transformations take place in such 
alloys up to about 13 per cent, manganese have to some extent previously 
been studied. On the other hand, as the non-magneiic alloys of iron and 
manganese with low carbon are not reached until about 16 per cent, of man¬ 
ganese is exceeded, from the present point of view the required information 
has not before been provided. 

It will be seen from the results of the present research that magnetic trans¬ 
formations are confined to the range of magnetic alloys with less than 16 per 
cent, manganese. The non-magnetic alloys above 16 per cent, appear to be 
entirely devoid of magnetic transformations, no matter how heat-treated, or 
even when cooled to the lowest known temperatures. These iron-manganese 
alloys are therefore magnetically inert, being in this respect similar to metab 
such as copper. It should be remembered, too, that these alloys, being 
practically free from carbon, do not come under the term “ manganese steel.’’ 

In the author's previous joint paper, already referred to, and in which these 
iron-manganese alloys are dealt with at liquid hydrogen and helium tempera¬ 
tures, it was suggested that the non-magnetic qualities found in these alloys 
with higher percentages might be due to actual combination of the iron and 
man ga n ese in much the same way os, for example, the magnetbm of iron u 
sappressed when chemically combined with oxygen as ferrous oxide. From 
ihb point of view the iron-manganese compound would probably be represented 
by the formula Fe 5 Mn, containing 16*40 per cent, manganese, which is very 
close to the percentage at which non-magnetic properties appear. Thus the 
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non-magnetic alloyH of iron and manganese, in which carbon is practically 
absent, would in such cases consist of this iion-niaguetic compound, with a 
more or less additional amount of the non-magnetic metal manganese, according 
to the total amount of manganese content. The absence of magnetic trans¬ 
formations in these non-magnetic alloys would seem to give farther support 
to such a theory. 

The present research has also disclosed certain peculiar features in these 
iron-manganese alloys in a curious doubling of tbe magnetic transformation 
on cooling, though not on heating ; that is, for certain of the magnetic alloys 
the first recovery of magnetism which takes place on cooling only exists over 
a limited range of tempcratuT(s the alloy becoming again practically non¬ 
magnetic, until finally, with still further reduction in the temperature, the 
full magnetic properties reappear and remain down to atmospheric temperature, 

2. -Meih(d of Invesiignlion, 

Some discussion regarding the critical ranges of iron-manganese alloys was 
presented in the joint paper above referred to by Onnes, Woltjer and the 
author. This, however, had more specific reference to the magnetic trans¬ 
formations, and was directly concerned with the explanation as to why the 
alloys containing about 16 per cent, manganese and above are non-magnetic, 
and so far as the author is aware, their critical temperatures over the whole 
range covered by the present scries of alloys have not previously been deter¬ 
mined. 

The author has therefore prepared the heating and cooling curves shown in 
figs. 1 and 2 of the inverse rate type. Thfjse were jnade on selected specimens 
representing stages in manganese percentage up to 17-10 per cent, manganese 
and in their forged condition; a similar determination was also made on 13701 
containing 83*50 per cent, manganese, the series being eventually completed 
by the addition of material J with 61*50 per cent, manganese. Both these 
high percentage alloys wertj necessarily examined in their cast condition. In 
addition to these heating and cooling curves showing thermal changes, obseirva- 
tions, shown on the same diagrams, have been taken of the temperatures at 
which loss and regain of magnistLsm occur—^that is, for those specimens which 
are magnetic at ordinary temperatures. 

To obtain the inverse rate curves described in this paper the author employed 
the usual methods, that is, similar to those described in his paper on “ Heatmg 
and Cooling Curves of Manganese Steel ” (Iron and Steel Institute, 1913), 
with the exception that an electric? furnace was used instead of a gas furnace. 
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Flu. 1.-“Hoatmg Cui VCR, 


Alloy No, 
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Fio. 2,—Cooling Curves. 


Showing absorptions and evolutions of heat, also magnetic changes, during 
heating and cooling of iron-mangancso alloys, low in carbon. 


Curves shown by vuxx uhkh were taken by the Inverse Kate Uethod and ludloate Thkrhal Gimnkkb. 
Carves shown by »v« were taken by an Ulectrloal loduotlon Method and Indicate the MngnHvn Chnmgrt: 
the abHclNsa of the latter ourvei at any temperature Is proportional to the Magnetism of the speolmeii lu n Held 
of 15 e.g.s. 

Nnmbers ringed indicate the serial number of the heating siibsequont to forging, or In the case of ^pwlnienii 
1 and J subsequent to i-AStlng. 
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A imiform maximum tcmpfitature of IKK)® (J. (actually, 1098® to 1107®) was 
adopted, and the specimens were each heated under the same conditions so as 
to bo comparative. In cooling, the presence of critical points at relatively 
low temperatures in the alloys with the higher percentages of manganese 
rendered it necessary to take a second cooling ciurve at a most rapid rate, so 
that the cooling was not unduly slow at the lower temperatures, with risk of 
masking to some extent the critical points. 

For the purpose of determining the magnetic transformations a separate 
heating of the specimens was made, inside a refractory tube wound with a 
magnetising coil of non-magnetic nickel-chromium alloy wire, the whole being 
placed in an electric furnace. A magnetising field of 15 c.g.8. was employed. 

To observe the magnetic condition of the specimen, it was surrounded by 
a secondary coil of the same wire, wound on a silica tube, this tube being inside 
that supporting the primary winding. Side by side with this secondary coil 
was a similar one, and both were connected in series, but magnetically opposed, 
with a ballistic galvanomettar. With no magnetic material in the furnace, 
making or* breaking the magnetising current produced no kick in the galvano¬ 
meter, whether the furnace heating current was on or oS. With the specimen 
inside one of the secondary coils, the magnitude of the kick on the galvano¬ 
meter, when the magnetising circuit was opened or closed, was therefore pro¬ 
portional to its magnetic induction for a field of 15 c.g.s. In this way, during 
the heating and cooling of the specimens, a series of observations was made 
and plotted, resulting in the curves shown in the diagrams. For each matorial 
the temperature of loss and regain of magnetism was in this way determined 
with sufficient clearness. 

A further indication was obtained by appl 3 ring a permanent magnet to the 
specimens during heating and cooling. With practice the loss of magnetism 
on heating, and its return on cooling, could readily be detected by the pull 
of the magnet. The indications obtained in this way are obviously not so 
reliable as those determined by the induction method. In general, the tem¬ 
peratures indicated by the magnet are rather lower, no doubt owing to a larger 
degree of magnetisation being necessary to affect it. Fur the determination 
of the indiifttinn cuTves the rate of heating and cooling was five seconds per 
1® C., and for the hand magnet tests, ten seconds per 1* C. The maximum 
temperature in both cases was about 810® C. 



128 


Sir R. Hadfield. 


S.—Experimental Data and Discussion of ResiiUs. 

Tho diagrams, figs. 1 and 2, show for all the magnetic alloys, that is, up to 
14*'f0 per cent, manganese, a reversible magnetic transformation, at practically 
the same temperature as the A, magnetic change in iron. Tho temperature 
at which this change occurs in the present alloys on heating is from 765° to 
780°, and on cooling from 767° to 776°. 

As regards heating, this one mtical change is all that is noticeable, and 
this applies also to the cooling for the alloys up to 3*96 per cent, manganese. 
For these the magnetism, after a slight fall of temperature below the critical 
point, reaches practically its full value and remains more at less constant 
down to room temperature. With the other magnetic alloys of 6*76 per cent, 
manganese and upwards to 14*30 per cent., however, on cooling below the 
reversible magnetic change point the magnetism after reaching a maximum 
falls off again with decreasing temperature until a second critical temperature 
is reached, at which there is a further recovery. This recovery is maintained 
and increased until, when room temperature is reached, tho specimen has 
i^ained approximately its original magnetic value. The magnetic changes in 
these alloys are naturally smaller in magnitude generally than for the more 
magnetic alloys with less manganese, and dimmish in strength as the man¬ 
ganese content increases. 

This second and lower critical magnetic change point appears in alloy C/2 
(6*75 per cent, manganese) at 316°, and is progressively lowered with increase 
in manganese to about 100° in alloy E (12*96 per cent, manganese), becoming 
at the same time much weaker. In alloy Pl/3 (14*30 per cent, manganese) 
no such critical point is discernible. This is only to be expected in view of 
the feebly magnetic qualities of the material. It is interesting to note that 
this material E/3, although never displaying magnetism to a high degree, is 
more strongly magnetic at about 600° than at room temperature. 

Specimen Q (17*10 per cent, manganese), as on heating, gives no indication 
of magnetism at any temperature on cooling. 

A noticeable feature in these magnetic determinations was the fact that 
this lower magnetic change point was not fixed, but in all oases on repetition 
appeared at a rather lower temperature. Thus in E (12 ■ 96 per cent, manganese) 
dating the cooling following the seventh heating it appeared at 160°. In the 
eij^th cooling the temperature was 100°. Check tests on specimen D (9*46 
per cent, manganese) with the hand-magnet gave 220° and 205° in the third 
and fourth coolings respectively, while with C/2 (6*76 per cent, manganese) 
tho temperatures were 300° and 295° in tho fifth and sixth coolings. 
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For this reason the serial number of each heating and cooling is indicated 
against all the curves in the diagrains* Whether such alteration is diie to a 
phj^ical change caused by repeated heating, or to a reduction by oxidation in 
the already small carbon content, has not yet been investigated. No such 
variation occurs in the position of the upper magnetic transformation, which 
remains fixed at closely the same temperature with repeated heating. Thus 
with specimen E (12 *95 per cent, manganese) i/i the eighth cooling, in which 
the lower magnetic change had shifteddihrough 50°, the upper magnetic change 
was found at 770°, as in the seventh cooling. 

It will now be interesting to examine how fax these magnetic changes are 
associated with thermal evolutions shown by the imeise rate curves (fig. 1). 
For alloys A and B only one pt)int appears clearly, but a slight though definite 
protubisrance seen on the curves seems to indicate a further thermal trans¬ 
formation in each material. The upper of these two points seems to be the 
Acfl change progressively lowered in temperature from 903° to 802° with 
increase of manganese from 0 • 06 to 3 • 95 per cent. The lower point is evidently 
associated with the Ac^ change agreeing reasonably well in temperature with 
the observed loss of magnetism. 

With further increase in manganese to 6*76 and 9-46 per cent, only one 
absorption of heat is observed, ending at 752° and 730° respectively, as might 
be expected from the further lowering of Acg, thus bringing down with it Ac 2 . 

With 12*95 and 14*30 per cent, manganese, although these alloys have 
magnetic transformations, no corresponding indications are seen in the inverse 
rate curves. The latter, however, displays a critical point at as low as 264°. 
On repetition a similar point was found at 230°. 

In the inverse rate curves for cooling (fig. 2), it is curious to find that none 
of these except that for A (1*68 per cent, manganese) gives any indication 
corresponding to the upper (reversible) magnetic change. The lower magnetic 
change seen in the magnetic alloys from 6*75 per cent, manganese upwards 
is, on the other hand, associated with an evolution of heat, diminishing in 
intensity with increase of manganese. This evolution is discernible up to 14*30 
per cent, manganese, although the magnetic change could not be detected 
above 12*95 per cent. 

The curve for D (9*46 per cent, manganese) shows a curious doubling of 
the heat evolution which is also slightly but definitely reflected in the curve 
of magnetism. Generally this examination of the magnetic alloys of this 
series leads to the following conclusion. The Acj point, while being lowered 
as the result of increasing manganese, in due course reaches the temperature 
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(about 770° C.) of tbe Ac 2 rnagiu'tjc rhango, and possibly brings clown with it 
the absorption or i‘Vi»lution of brat associated with tbe latter change. It, 
however, leaves undisturbed the aeiiial magnetic change, which remains 
reversible. On cooling, and where Ar^ has passed below 770° C. it is accom¬ 
panied by a separate* magnetic transformation ; tlu^ magnetism which has 
been restored at 770° (.*. and has falh*n away again with low<;ring temperature, 
returns more or l(*ss completc*ly at Ar 3 . Curiously no corrt'sponding change 
takes place on heating, iluit is Acj is devoid of magnei ic change while it is 
below 770° 

In this connection, liowt‘ver, the behavioiu' of alloy II (;i*95 per cent, man¬ 
ganese) should be specially noted. Its single evolution of heat at about 500° C. 
on cooling is uiuiecompanied by any noticeable niHgru‘tic change. This alloy 
is distinguished from the alloys of lugluT percentage in that although Ar^ is 
below 770° C., Acg is above the magnetic change on luxating; although this 
does not supply an obvious explanation for its difTi‘n*nt behaviour, it may be 
that for a separate magnetic; change to be asso(!ia1c‘d with Arg on cooling, the 
Acg change should precede tlu; magnetic change* on heating. The* magnetic 
behaviour of these allcjys of iron and manganese during heating and cooling is, 
in fact, so interesting and unusual as to justify further investigaiion. 

On the general qucistion of the noij-magnetic qualities found in the alloys of 
iron and manganese of the higher ])ereen1ages, it seems eb‘ar from the present 
tests and from the; magnetic (*xauuna1ion recorded in tlu; previous section, 
that the loss of magnetism which oc(*urs when the* mungaiussc reaches about 
16 per cent, is the culminating point of a progressive reduc tion in ilie magnetic 
quality with increasci of manganese*- not merely as found at ordinary tem¬ 
perature, but at all temperatur(*s. 

It has been too readily assumed by some writers tliiit- the magnetic trans¬ 
formation, in its downward course with im^rcasing manganese, passes below 
atmospheric temperature ; hciwe the alloys of liigher percentage above where 
this occurs are naturally found at ordinary tt*mperaturcs to be non-magnctic. 
On the contrary, as was sliown in the joint research referred to by Onnes, 
. Woltjer and the present author, this explanation caimot l>e correct, since no 
evidence of transformations below ordinary temperature was found, that is, 
for iron manganese alloys. With iron nickel alloys, on the other hand, mag¬ 
netic transformations did occur with immersion in liquid air. 

In the present researcli it seems clear that the magnetic strength of the 
alloys becomes progressively weaker with increase of manganese, and the fizml 
transformation also as a consequence diminishes in intensity, finally vanishing 



i:u 


Thp^'mal Changps in Tron-Mangrmesp Alloys, 

before 17*10 per cent, niantrancse m rcHcbotl, and also before tin’s traiisforinatioii 
has reached ordinary t(*inperature. 

It remains to refer to the allf^ys of sp<*(*ially hij^h pen'eniugo J and I. Like 
G (17*10 per (amt. manganese) whjeJi is also noii-mngnetic, J (61 -50 per cent.) 
is devoid of critical points in its inv(Tsc rate curves, and it was not thought 
worth while to examine it for magn(‘ti(' changes which arc absent from G. 
In I (81^*50 p<*r cent, manganese) app(‘ar eoriesj>on<ling critical points on its 
heating and cooling curves at 80(1'^ and 7l(t' rcs])ectivcly. apparently (jnite 
unconiuicted with those observed in i}n‘ alloys eoutaining the loAver p(»rcentages 
of manganes(‘. The actual nainrt^ of the change n‘pr(‘sente(l by these critical 
points has not so far been examined, tluaigh possibly it has its origin in some 
transformation ocenrring in the* metal manganc'se itself. 

4 . Voucitmtnt. 

Tlu‘ author trusts that the data obtained ni this research regarding the* 
thermal changes in the alloys of iron and manganese will hv found hi'lpfnl 
towards expkining their special ehara(*t(»risties. 

The suggestion that the non-magn(‘tie properties of the alloys of irmi and 
manganuso of the higlu‘r p(*reentages, and inde(Ml of manganese steel itself, 
are in some way due to ae.tual combination betw'een the iron and the man¬ 
ganese is, it will be undtTstood, put forward in quite a tentative manner. In 
no other way does it seem possible at pnjsent to account for the practically 
complete suppression of the magnetism of th(' jroi» in sucli alloys. Explana¬ 
tions on the basis of allotropy of the iron are, as has been showm, quite in¬ 
adequate ; the allotropic ('changes of iron liave m fact disappeared in these 
alloys. On the other hand, chemical combination of iron with other elements, 
it is kuowm, does commonly affect its magnetic ipuilities, at also many of its 
other properties. For example, as is well known, while the oxide of iron 
Fe 304 is magnetic, although not to the same degree as iron itself. Ferrous 
oxide, FeO, is non-magnetic. Further in the joint paper by the late Pi-ofessvjr 
B. Hopkinson and the author on The Magnetic Properties of Iron and its 
Alloys in Intense Fields,” it was shown that iron carbide, Fe^C, is about 
two-thirds as magnetic as pure iron. The double carbide, also of iron aT;d 
manganese separated from manganese steel, was found by the author to be 
quite non-magnetic. 

It is thus not unreasonable to supposi* that manganese may effect a similar 
change in the magnetic qualities of iron even to the extent of their complete 
extinction, through th(‘ same Tueditiin of chemical combination. Tht? suggestion 
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naiurally doi*s not in any way coufititiito an explanation in the true sense of 
the term. (Jranted the (*<)rn»(tness of the suggestion, the explanation lies 
primarily in tins answer to tins still unsolved and fundamental question of 
why iron, niekel and eobalt exhibit /erroniagnetisin while other elements 
do not. 

Without such knowledge it is obviously difficult, if not impossible, to indicate 
the act mil niechanisni by which such ferromagnetic properties become modified, 
when these (elements are brought into association with others, Hie question 
thus becomes one esM*ntially for the pliysicist or ])hysical chemist, l^rofessor 
Weiss, ol Ziu'ich, by Ins conception of the “ magneton," which has fonni'd 
llie basis oi much further work by others, «lid much towards probing the nature 
of ferromagnetism, and it is perhaps not too much to hope that wc may, in the 
not too distant future, be le<l to a c^unplete understanding and solution of 
this hitherto some^^hat baffling problem. 

In ('onclusion, the author desires to express his best thanks to Mr, 8 ,A. Main, 

Sc,, K.Iiibl.r., Mr. W. J. Todd, A.Inst.P., and Mr. A. Stevenson, who have 
with so much painstaking care assisted him in carrying through this laborious 
research. 
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Tensile Tests on Alh^y Crystals. Part I .—Solid Solution Alloys 
of Aluminium and Zinc. 

By 0. F. Klam, Armourers' and Braziers' Kesearch Fcllo\\, 
(Cuinniiinicuted by H. (' JI. ('aipeMlrr, K.H.S.—Jveeejved March 29, 1927.) 

i^PLATK 2.1 

111 the ‘ Pro(wdinga of the Royal SoLit‘ty/ 1925,* some properth'S of crystals 
of an alurmnhmi-zint; alloy werci described and their method of extension and 
fracture conipurcd with that of pun* aliiminiuni. This alloy contained 18*5 
per cent, zinc and was just at the limit of solnbilily of zinc in aluminium. 
The crystals broke usually along a plane at, approximately, 45° to the axis 
and the jMisition of this plane varied with regard to the (Tystal planes according 
to the orientation of the [)articiilar (Tystals. This type of fracture was so 
different to that of the imre metal that it apf»eiired desirable to obtain allojni 
of intermediate compositions in order to study the effects of inert^asing amounts 
of zinc. F\irther, the small extension before fracture of th<5 alloys containing 
higher percentages of zinc made it impossible to obtain reliable distortion 
measiirenrumts although nieasurerneiits of the crystal axes, by means of 
X-rays, indicated that the distortion was jirobably of th(» same natun* as 
aluminium. Through the courtesy of Mr. MiuTay Morrison, of the British 
Aluminium Company, a series of alloys were made in the form of 0-5 inch 
diameter bar. The number of the bar and the <'orrf;spondiiig quantity of zinc 
is given in Table I. The bars will be referred to in future by the numbers in 
the first column. 


Table T, 


No. 

Zmc. 

1 “ 

No. 

Zmr. 


per ctuil. 


JMT cont. 

3-0 

3 43 

13 0 

16 <10 

7*5 

711 

17-0 

17‘59 

10 0 

10 60 

18*0 

18-50 


The bars were cut mto lengths, annf*aled, strained, and further annealed in 
a way similar to that which had been successful in growing large aluminium 
crystals. It was found much more dilficult to grow crystals right through 
* C. F. Elam^ * Hoy. Soc. Proc./ A, vol. 109» p. 143 (1926). 
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the cross-section than in aluminium and the results were very variable. This 
was to be explained partly by the fact that having stretched a bar in the 
machine the required amount (1 to 2 per cent, on 3 inches), on removing 
the load there was sometimes as much as I per cent, contraction. This applied 
mostly to alloys containing from 10 j)er cent, zinc upwards. The bars, there¬ 
fore, tended to be understrained. If allowance was made for subsequent 
shrinking by over-stnitching, equally variable results were obtained as the 
bars did not all shrink to the same amo\mt even after ca^efidly regulating the 
time of application of the load. The alloys as a wholci are more sensitive 
to straining and to heat treatment than the pure metal, and small variations 
which appeared to make little difference to aluminium doubled or halved the 
crystal size. An extension of 1 to 2 cent, was the most su(!cessful treat¬ 
ment with a previous and s\ib8equent annealing temperature of 500-550° C. 
Several crystals occupying the whole cross-secition wen* usually obtained in 
one bar, and these were cut up and machined into small round tcst-pie<ies of 
0-25 inches diameter, and of varying lengths according to tlie lengths of the 
crystal. The best crystals were put aside for machining square for distortion 
experiments. These will bo described later. 

The results of a number of tensile tests on these crystals showed that as 
the percentage of zinc increased, the amoimt of extension prior to fracture 
tended to decrease, while the breaking load increased, but there was con¬ 
siderable variation, especially in the elongation, lietween crystals of the same 
composition. In Table II are given the maximum breaking loads and elonga¬ 
tions of a secies of alloys in the normal inulticrystaliine state, and in Table III 
a few representative examples of the Hguxes obtained from single crystals. 
These differences can be ascribed, partly to variation of crystal orientation, 
and partly to the possibility of a slightly varying composition from bar to bar. 

All these alloys show a well-marked yield-point, particularly in the higher 
percentages of zinc, and it was more noticeable in single crystal teat-pieces 
than in the normal material. 

All the crystals tended to become elliptical in cross-section. As has been 
stated already, the alloys containing 18-6 per cent, zinc break along a nearly 
straight cleavage plane, while pure aluminium in common with other similar 
metals, such as copper and silver, pull down to a double wedge at the point 
of fracture. This has been shown* to be due to the fact that the distortion 
of the crystal takes place by means of slip on the octahedral plane subjected 


* Taylor and Elam, * Roy. Soo. Proo.,’ A, voL 102 (1023). 
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Tal)l« II.- 

—Normal aimeiilud Test-pieces. 

No. 

Maximum Load. 

Klon^ratioii jicr rout, 
un 2 mohoH. 


'Com p»‘r m|ii{iro luoh. 


aLuiniiiiuni 

4*82 

U 0 


«‘28 

:uo 


e 2i) 

;u-5 

'^{2 

10 IN) 

:u-o 

0-7!) 

28 0 

1- n 

ir*.4i 

24 5 

15*25 

25 0 


15 45 

10 0 

15 r> 

1!) 0 


18 02 

12 0 

10 J2 

1 

1:10 


Tahli5 III. -Single* crystalH. 


1 


Kltin^ation { 


l*3ongatiou 

Nn. 

Maximum load. 

iwr uuit. 1 

No. 

Maximum load. 

per cent. 



on 1inoh. j 



on 1 ini'h. 


'Conn jKT 



'Cons iK-r 



H^uaro nu*h 



stjiurr inch. 


5. 1 

4 4« 

58 

\:k I 

15-81 

26 

2:1 

4-835 

31 

3 

15-01 

17 

(U 

5-13 

.58 

24 

U 50 

18 

7'.i. 5 

i 5-84 


18. 20 

24 !)5 

0*5 

2 

« 07 

34 

1 

21 

20-55 

8-0 

10. 1 

11*65 

62 i- 22 

10-20 

7*0 

a 

0-32 

72 




55 

11*90 

20 




40 

11*40 

31 




43 

0*56 

57 




41 

11-00 

54 

_ 




to the greatest shear stress and towards the polo of the {110} plane nearest the 
direction of greatest slojie, until by the rotation of the crystal^ a second octa¬ 
hedral plane makes an equal angle with the axis as the iirst, when slip oe^curs 
on both pianos. 

Alloys containing 6 to 7*6 jHjr cent, zinc usually show such a wedge-shaped 
fracture, while alloys containing 10 per cent, zinc and upwards showed a straight 
cleavage fracture (fig. Plate 2) similar to that described in the previous 
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paper. Certain crystals containing 5 to 7-6 per cent, zinc showed an inter¬ 
mediate structure in which the “double” wedge was replaced by a single 
wedge asymmetric to the axis of the specimen. A photograph illustrating this 
structure is shown in fig. 2, Plato 2. The explanation is thought to be due to 
the fact that as the zinc content increases, the possible amount of extension 
before fracture decreases so that fracture may occur before the position for 
slip on two planes is reached, and in that case a single piano fracture results. 
This is confirmed by the results of distortion measurements in most cases. 
Occasionally a fracture such as is showi\ in fig. 3, Plate 2, is obtained, which 
closely resembles the double wedge fracture, but clearly consists of two pianos. 
In such specimens, when the crystal axes have been determined, they have 
been found to be near the position for double slipping. The intermediate 
types of fracture in some of the alloys containing less zinc appear to be due to 
their greater ductility, and to a rather different type of distortion at the moment 
of fracture when the metal seems to flow over the plane of fracture. The 
relation existing between the plane of fracture and the crystal structure can 
best be discussed after describing the results of distortion measurements. 

Fig. 4, Plate 2, shows examples of all the alloy crystals. 

Distortion and X-£ay Measurements. 

A few of the best crystals were machined square for distortion measurements. 
A complete set of measurements was made on one crystal containing 10 per 
cent, zinc, and two containing 15 per cent. zinc. These were machined 0-26 
inch square and were 4 to 6 inches long. The methods of marking and 
measuring were the same as those previously adopted and described,* and 
calculations wore made of the cone of unextended directions for different 
stages of the extension. The 10 per cent, zinc alloy crystal extended 63 per 
cent, before fracture so that a number of measurements could bo made. Of 
the 15 per cent, zinc alloy crystals, two series of measurements were made of 
the first, while only one was made of the second as this broke after 16 per 
cent, extension. The results of both measurements and calculations are given 
in the following tables. (Table IV.) 

The notation is the some as that used in the previous paper, but is briefly 
described here. The four faces of the specimens were marked I, II, III and 
IV^ so that Face II was 90° in an anti-clockwise direction from Face 1, when 


* Taylor and Elam, * Roy. 6oo. Pfeoo.,’ A, vol. 112, p. 337 (1926). 
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tto specimen was hold vertical. The following letters represent particular 
measurements or values :— 

e » ratio of extended to initial length. 

/ = ratio of width of Face I, after extension, to its original width. 
g — ratio of width of Face IV after extension to its original width. 

Xo — Angle between Face I and Facse IV. 

Po Angle between scratches on Face I and vertical axis of spcicinum. 

Yo = Angle between scratches on Face IV and vertical axis of specimen. 
Xi Pi and Yi are the cjorresponding values after extension. 

0 = Angle which a given direction makes with the vertical axis. 

^ = Angle which the projection of the direction on a plane perpendicular 
to the axis makes with the reference ])lano. <f> is measured anti¬ 
clockwise. 


Table IV. 

Crystal I. 10 per <‘.ent. jsinc. Reference Face L 

f -MU, / (f 0 H»75, X, i90\ Ai -8S-2'’ 

3, - 90’' 10', -r 88** 22 ', 7a - 89" 50', >4 - 89 ' 

I'nRtrctched cuiic. 

Unstrainc'd position. 

(0'0(>ScoH>^ -O-lOSTHinS^ {-0 0581 (hh ^ 4111 |-(0 0700 coh ^ H 0 0278 Hin 

tan « f 0*241 0. 

f --^ 1 204, / - 1 (KH>, q -OHM. \ - IM)Aj 8«'5" 

jBo ^ 90® 10', - 80® :10', 7 o - 89® 50' 74 - 89® 10' 

Unatrotohud oono. 

Unstrainod poaition. 

(0 0031 coa‘^ 0-3085 ^ -j- 0-1029 com ^ sin tau» 9 h(0‘J542 cim ^ f 0*0033 

Hin^)tan8 + 0 452 -0. 

Strained puMitioii. 

(0-00289 ooa> ^ H 0-4527 mii^ ^ - 0-1227 cm ^ am tau* 9 - (0-0892 cun ^ -f 0-0044 
sin tan 6-0 310 ^ 0. 

t -- 1 -408, / - 0-9975. j/ - 0 7195. A, - 90®, A| - 85-2® 

fl, = 00“ 10'. ^4 - 83“ 30'. 7, -- 89“ 60', 74 - 95“ 40' 

Unatntched cone. 

Unatrainod poaition. 

(0-0078 coB*^ - 0-4777 Nin^ ^ -r 0-1141 00s ^ain 4 ) tan*6 + (0-3:J05 cos ^ - 0-2117 
ain tan 6 4 0-975 — 0 

t * 1-037 to c ^ 1-408. 

f -. 1-162, / = 1-000, y -0-8010, A* - 86-2“, Aj85“ 

— 83 *30', i8i ^ 78“ 10', 7# ^ 95“ 40', 74 ^ 104“ 50'. 

Unatretohed oone. 

Strained position. 

(0-0043 oos* ^ + 0-3722 Kin* ^ - 0-0390 coa ^ sin tan* 9 ~ (0-1138 eoa ^ + 0*2315 
■in tan 6 — 0-200 0 . 
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Table TV—(coiitinuod). 

Crystal I. 15 por cent, zinc.* Koference Fjmjc IV. 

» ^ 1 (WT, / j/ « 9175. A, 81*-7". A, - 8li I ’ 

(3, - (K)" 10', - 03" Rl'. 7o 90'20'. 7 , - H 8 " 30' 

rn<ifrntched oono. 

Unstrained poRttion. 

(0'0024 roH* ^ f- 0 158U sin^ ^ tos ^ »tn tan-tf i- (d IIW - 0 OUWl 

flin tan B - 0*201 0. 

iStiaim'd position. 

(0*(M»leoHS^ ' 0 ltm:i 0 \W fos^ sm Uw'B [ (<» 1012 u>h ^ -0 0027 

9 in Un 0 - 0 107 - (». 

f -1*222, f -0*0«7o, V O HfilK*, A« - 8!)*7. Ai 81*8. 

iSo - 90“ 10', . 97“ ;10', - Wr 20', - 89 * 

Uiwtn'trhcd eono, 

Unutrainnd poHition 

(0 0112 (lON-^ O*20/)7Nin=^ ^ { 0 28:18 rns ^ .stn 0in*= 0 (0 lUln <<is ^ > O or^V) 

Hm^)tan 0 r 0 493 0 . 

Stmiird poHition. 

(0 0249f*os«^ } 0*3HH9Hin"^ • 0 29H3 (»k i^siii t.ur 0 j (0 2.‘>Kr>(ns^ -0 02o.Ssiii^) 
tan 0 -- 0*317 - 0. 

Crystal 11. Iteferoiico Face I. 

« - 1 145, / = 0*8770, tj 1 IKK». ^ 90’, S9 

^ - H8“ 31V, J3i - or 20', 7o - ‘ 7i - *<»'• 

Unstis'tT'hnd com*. 

UnHtrained priRition 

(0*2285 iMW- ^ - O-OOm Hin^ ^ - 0 02:4H nw ^ mu Ian- B ; ( 0 * | I5;i imw ^ - 0*0781 
Hin tan 0 -* 0*311 - 0. 

Strained pumtion. 

(0*3054 OOH* ^ I 0*0013 Rin^ ^ - 0 0187 oim ^ sin tan^ 0 i (0 08(U ( os ^ < 0 Ur>;i5 
Min tan 0 — 0*237 « 0. 

There are two }>osition8 for the uiistretcheJ ci>tie; one in the iinstTained 
juwition, and one in the strained. In some casca, only one was calculated aa 
this ia sufficient to show if the crystal is slipping on one plane or two, and if 
it agrees with the X-ray measurements. AVith one exception, the distortion 
was calculated from the measurements when e -- 1*0, but for the last stage 
of extension of the 10 per cent, alloy calculations were made between rneasurcs- 
ments at s = 1 -408 and e = I -637 in order to see if the last stage of slip was 
different. 

In Table V are given the two calculated values of 0 for the cone of unextended 
directions in the unstrained position for extensions up to e = 1-408 in the 
case of the 10 per cent, xinc alloy, and up to the breaking point in the case of 
one 16 per cent, zinc alloy. The values are almost constant for one plane, 
indicating that this is the slip-plane. In Table VI the position of the pole of 

* In this particular crystal mcaBurenients wen- taken from Faces III and IV, so that 
\ ~ angle between Faces 111 and IV, etc. 
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the slip-plane cuhiulated from distortion measurements is compared with that 
of the nearest {111} plane, and the direction of slip* with the pole of the nearest 
(110} plane. The agreement is not so good in the see.ond 16 per cent, crystal, 
which showed a tendency to twist, spc^eially m^ar the fracture. The distortion 
was not on the whole so regular as in ahuniniiim, due in part to the presence 
of small umibsorbed crystals in tlie mam crystal. The results from both 
distort-ion and X ray measurements, however, indicate that the alloy crystals 
deform in the same way as pure aluminiinn, viz., by slip on an octah<^dral 
{111} ]>lane in a direction n*])rcs(*nted by the normal to a {110} plane. This 
is further confirmed by observation of slip-bands. Tn (»very case only one set 
of slip-bands was observed, which agreetl with the plane of slip calculated 
from distortion measureme,nts. There is also evidence that the 10 per (;ent. 
alloy crystal sli}»pcd on a second platu^ for about the last 10 per cent, of its 
extension. Distortion nieasununcnts of the last 10 })er cent, extension do 


Table V. -lO per cent, zinc crystal. 

CoiU‘ of unoxtended directions in “ unstrained '' position. 



6 - MU. 


« 1 

I 

201 

1 

1 « - 1 

TZ 

£ 





i 

9, 


<M)« 

iir^ :jo' 

0' 

_ 

50" 30' 

1 

1 

129^ 40' 1 

1 

1 51' 0' 1 

12lt° W)' 


fiS" 55' 

151*40' 

1K)° 0' 

127* 0' 

62’ O' 

118° 65' 


79° 2.r 

IK)" 15' 

82* 0' 

12.3'30' 

1 71)° 50' I 

no* 0 ' 

0° 

1)1° 20' 

85* 10' 

107* 20' 

91° 10' 

1 107’3.V 

Dl** 30' 

30'* 

123* 20' 

65° 20' 

124° 30' 

68° :io' 

1 123' l.V 

75° 40' 

60* 

131*20' 

.W* 30' 

131* 0' 

L. 

51*.TO' 

[ 1.30*20' 

1 _ 

61* 0' 

1 


15 per cent, zinc crystal. 


* - - 1 097. f I 222. 



^1 


#1 


00” 

63° :k)' 

137" «»' 

54° 30' 

128° 18' 

60° 

57° 20' 

KIO" 55' 1 

flO” 30' 

109" 10' 

30* 

- 

—. 

- 


0* 

91° 0' 

iH° 30' 1 

, 8«* 40' 

83° 50' 

"30* 

112 ° 10' 

41° 10' 

108” or/ 

46° 35' 

-60° 

123° 46' 

37° 30' 1 

! 121" 20' 

44° 20' 


* The direction of slip is at right angles to the line of intersection of the two uustretekod 
planes. 
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not bring this out to any marked extent, probably because the amount of slip 
on this plane was small, but the cone does not consist exactly of two planes. 
Compare figs. 1 and 2. 

It has not been thought necessary to give a coni]>lete set of stereographic 
diagrams showing th(* position of the (*T 3 rHtal planes, slip-plane, etc., us these 
are similar to others that have been published in the case of aluminium. Fig. 1 



t'lo. 1.—10 per cent, zinc. Kia. 2,—10 per cent. zinc, 

c -• 1-408. ClnHtramtHl position. c - 1*H37 to 1 408. Strained position. 


shows the unstrained position of the cone of unextended directions when t 
= 1*408 for the 10 per cent, alloy, and fig. 2 the “ strained ” position when 
g ^ 1-637, representing the lost stage of deformation from e — 1-408. The 
positions of slip-bands and fracture are here shown. Fig. 3 shows a similar 


p/ 


I 


.flip) FACft 


AxisofspkcimcnT 


Vzo. 3.—15 per cent. ziuo. t == 1 • 145. Strained position. 
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figure in the casts of the second 16 per cisnt, zinc alloy, and also shows the 
position of slip-bands and fracture. 

The pole of the slip-plane cleterniintMl by disiod’ion nieasurcments is called 
P, that representing the Hli[)-plarie determined from the measurements of traces 
of slip-bands on the surface (marked Q in diagrams) is culled S, that of fracture 
F. The direction of slip is marked by «n arrow. The indices used in referring 
to the planes are chosen arbitrarily, l)ut are used consistently throughout tin; 
present papc>r to facilit#it<i ('om[)ari.son between the several diagrams. 

In figs. 4 and 5 arc shown t lui positions of the axes of the test-pieces relative 
to the crystal of the threi* speeimeiis investiguteil. The first and last positions 
are given, but not all the intermediate posif.ions as these are not necessary in 
order to show the genera 1 movement of the ax(‘s. As has been shown previously* 
the axis of the s[K!cimen should move along a great cirele joining its position 
before extension to the ]>oIft of the (110) piano towards whie-h slip takes place. 
Wht^re this great circle ('iits that passing through the poles of the (010) and 
(111) planes, the axis is ecpiully iiielined to two octahedral planes (111) and 
(111), the former of which shoiihl be the first slip plane, and slip should occur 
on both planes simultaneously. The 10 j^er cent, alloy should have reached 
this point at an extension of about 50 per cent. Wien c = 1*66 the axis 
WHS in this position {see tig. 5) and remained almost constant up to the breaking 
point at e — 1-637. This is in agreement with the distortion measurements 
during the last stage of the extensions already referred to, with the appearance 
of a second set of si ip-bands which coincide with ihe trace of the second 
octahedral plane, and with ihe fact that the plane of fracture agreed more 
nearly \vith this plane than with the first octahedral plane. It is also in agree¬ 
ment with what has previously been observed in aluminium, copper, silver 
and gold. All these points are made clearer by referring to th j stereographic 
diagram, fig. 2. 

The positions of the planes of the fracture have been given in Table VI. 
In many specimens the piano of fracture agreed very closely with the slip- 
plane, but in many the two made a small angle with each other, usually of from 
10** to 20**. This is noticeable in some of the photographs, figs. 1, 2, 3 and 6, 
Plate 2, and was observed in the previous work on the 18-6 per cent, zinc 
crystals. 

Fig. 4 shows that the two crystals containing 16 per cent, zinc, broke long 
before they reached the position for doable slipping. It also shows that the 
direction of slip was not quite in the direction demanded by theory, although 
♦ G. I. Taylor and C. F. Elam, * Roy. Soo. Proc.,’ A, vph ^OS! (1925). 



142 


a F. Ekin 


distortion ineasiiresnHUts agree vtMy closely wtli slip towards the pole of the 
(110) plane (.w fig. 3). The error is probably in the first X-ray measurements 
of the crystal. 



Fici. 4.—Ifl i»er cent. zinc. Fiu. 5.—10 per coiit. zinc. 


Table VI. 

10 per cent, zine crystal I. Reference Face I. 


Shp-plnne. Direction uf Hlip. 


X-iay 

DiHtortion 

X-ray 

DiBUirtion 

incatiui’emcntH. 

mcaHureiiientH. 

mcai^iireinentN. 

measutt^menU. 

fB 1-114. I'ltHtrainod 
*i„ ■ 4.r20' 

9 - 43° 0' 

9,„ - .■;2»20' 

9 - 49® O' 

^ - 201'^ 20' 

^ - 2H«° 30' 

^ - 01" 0' 

4 -- w)® O' 

< ^1-204. Unatraincd 
dj,, .-4:l*20' 

0 - -H” 20' 

- r»2“ 20' 

0 - 51“ 10' 

^ - 2U1* 20' 

^ - 2tHt^ 10' 

4 -= or 0' 

90“ 0' 

iS trained 
•ill - sr 0' 

e - 52® 0' 

9,„ - 4«'' 10' 

9 -49° 40' 

^ --28l"20' 

4, - 284® 20' 

4 92® 30' 

4 -- 87®. 0' 

ff cc 1 >408, Fncitrained 
•ill =^43'»20' 

e «==4r30' 

•iw "= 52® 20' 

a - 50® 40' 

^ ■■ 291^ 20' 

4 ^ 2tH)® 30' 

4 ^ or 0' 

4 ^ or 0' 

< 1-037 £jtraitied 

e.,, •== 01® 10' 

$ - or 0' 

-- .30® 0' 

- 30® 40' 

o 

1! 

4 - 2S7® O' 

4, *- 7H® iV 

^ - 80“ 0' 

VnKtnuned 
•i„ 43*20' 

B - 42® 0' j 

•iw ' - 52® 20' 

9 -- 52® 10' 

^ - 291* 20' 

4 ^ 291® 40' 

^ - or 0 ' 

4 ^ Ot)® 40' 

Fracture 

B - 50® 0' 

Slip-bands 

9 -59® 30' 


4 ■ - (w® \y 

at fractiiK' 

4 ^ 59® 10' 
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Tabic VI—(continued). 


16 i)er cent, zinc cryatal I. Reference Face IV. 


Slip-plano, 

1 Direction of Slip. 

X-ray 

Distortion 

X-ray 

Distortion 

measuromonU. 

mcoRuruiiioiits. 

nieasiiremeiits 

1 

nioasuronienti. 

1 097 UnHtrainod 
fliij « 35” 30' 

^ -= 274^ 0' 

B ^ 37“ 0' 

®1I0 “ 

9 -= 60*30' 

^ 271“ 0' 

^ 122“ 0' 

^ = 120*30' 

Strained 




Bln ^ 41“ 30' 

B ^ 41“ 30' 

=» 60*40' 

B ^ 60“ 20' 

^ = 276“ 10' 

^ ^ 279“ 0' 

4, = 121“ 30' 

^ - 119“ 10' 

1*222 Unstrained 




»ui ^ 35“ 30' 

» = 34* 10' 

»no - 59” 0' 

B ^ 60“ 40' 

^ - 274“ 0' 

^ -= 270* 40' 

^ = 122" 0' 

49 - 125“ 0' 

Strained 




in - 48“ 30' 

fl =-= 47* 0' 

-- 55“ 0' 

B - 59“ 0' 

^ ^ 278“ 0' 

^ = 270* 0' 

4> ---124“ 30' 

4> ^ 128“ O' 

Fracture 

e = 49' 0' 

SI ip-bands 

B - 48“ 30' 


^ - 256* 0' 

at fnuture 

^ - 203“ 0' 


16 per cent, zinc cr 3 rstal II. Reference Face I. 


Slip-plane. 

Direction of sUp. 

X-ray 

mooHu remen ts. 

Distortion 

measurements. 

X-ray 

mrasun^ments. 

Distortion 

measurements. 

« — 1*146 Unstrained 

42* 0' 

9 - 48“ O' 

9,„ - 49“ 20' 

B -43“ 0' 

^ - 16.5" 20' 

^ - 169“ 30' 

4 - 7“ 30' 

4" 60' 

Strained 

Bill -= 49“ 05' 

^ 169“ 40' 

0 = 62* O' 

«iio - 39“ .30' 

B - 30“ 30' 

^ ■« 170* 0' 

4 - 2“ 30' ! 

11 

e 

Fracture 

0 = 04* 0' 

Slip-bonds 1 

at fracture 

B 54“0' 


^ = 170* O' 

^ 170° 0' 


Fig. 5, Plate 2, shows the beginning of the fracture of the 10 per cent, alloy. 
A »e««n id set of slip-bands suddenly appeared which were only visible on one 
pair of faces so that the plane could not be measured. The inclination of this 
“ fault ” agreed with the general direction of the slip plane, but when fracture 
was complete, the two were seen to be quite distinct, fig. 6, Plate 2. It is 
as if fracture began by failure on the slip-plane, but that some distortion, 
probably on one or more other planes, led to the final rupture. The type of 
fracture already referred to in the 6 to 7*6 per cent, alloys, and illustrated in 
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fig. 2, Plate 2, may ako be cauaed by some such distortioa. This particular 
crystal broke before it had reached the position for double slipping so that a 
second plane was not involved in the formation of a double wedge. 

Fig. 7, Plate 2, is a photograph of the 15 per cent, zinc alloy after fracture. 

The shear stress (S*) on the slip plane and the amount of shear (s) were calculated 
for some of these crystals. The positions of the crystal axes were determined 
before testing and the slip-plane deduced from previous knowledge of the 
behaviour of these crystals. From this the angle which the normal to the 
slip-plane made with the test-piece axis (0) and the angle between the direction 
of slip and the direction of greatest slope (rj) were calculated. The load and 
cross-section were measured in the usual way. The amount of shear is calculated 
from the formula:— 

e* = I 2s cos 7]o sin6o cos 6o + s* cos® Go 
where s is the displacement of a slip-plane relative to a parallel plane at unit 
distance from it.f By using this method of plotting shear-stress against amount 
of shear, variations which can be attributed to differences of orientation in the 
crystals compared can be eliminated. 

The results are given in Table VII and shown diagrammatically in fig. 6. 
These show clearly the effect of zinc in increasing the resistance to shear. 
Some figures for pure aluminium are given for comparison. The maximum 
increase in hardness occurs in the early stages of deformation, but the shear 


Table VII. 
Pure aluminium. 


0j„ = 41" 0' 

>] = 12 " 


Slip-plane. 


< 

S 

1 ^ 

1053 

lbs, per sq. inch. 
2,180 

0-1241 

MIO 

2,930 

0-2088 

1-161 j 

3,380 

03046 

1-200 I 

3,740 

0-3700 

1-804 

4,140 

0*5420 

1-404 

4,480 

0-7065 

1-623 

5,030 

1-043 

1-785 

5,670 

1*282 


* Loe, cO., * Roy. Soo. Proc.,' A, vol. 112 (1923). 

flam iadobted to Ftof. G. I. Taylor, F.R.S,, for this method <rf oaloulating the amount 
of shear. 






Klam. 


Hoy. Soc, Proc., A, rol, 115, P/. 2. 



18*5 17 15 10 7*5 5 |H*r Fio. 5. B(»ginninK of Fracture in 10 {K'i crnt. Zn. 

cent. Zn. Alloy (^ryatal. 

Flo. 4 



s 



FiO. 7. -*15 per cent. Zn. Alloy broken. 

(Fariiirp. 144.) 


Fia. 6.--10 per cent. Zn. Alloy broken. 
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T*bld VII—(continued). 


Aluminium-sino.—S pec cent. Kino No. 6—61. 



lbs. por sq. inoh. 


MU 10,800 O 2025 
1-201 12,380 0-3726 
1-306 12,020 0-5246 
1-408 13,480 0-7065 
1-00 13,820 0-8630 
1-037 16,230 1-002 



105 

Ibe. per Rq. inch. 
7,010 

010S2 

Ml 

8,710 

0-2332 

1*15 

g,70O 

0-2107 

1-22 

10,610 

0-4435 

1*22 

' 11,220 

0-6245 

1-45 

IIJW 1 

0-6460 

L-53 

12,620 

0-0700 
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Table VII—(continued). 

Aluminium-zinc.—16 per cent, zinc No. I 

03„ ^ 37“ 0' \g,ip.pianc. 

71 = 23“ 30'/ 


}bH. per aq. inch. 
14,380 
16,770 


0-1987 

0-4316 


No. II. 


0,„ -=42“0' \g,5 
=17“ 30'/ 


€. 1 

». 1 

1-146 

lbs. per aq. inch. 
17,900 


No. III. 


= 42“ 30'\o,. , 

= 2 “ 


c. 

s. 

A. 

1-06 

Iba. per aq. inch. 
12,300 

0 0.548 

1-08 

14,000 

0-1639 

1-16 

16,5(K) 

0*2935 

1-24 

17,020 

0-4360 

1-35 

19.130 

0*6186 

1-48 

20,380 

0-8295 

Aluuumum-zinc.—18 per cent, zinc. 


Ohi = 48< 

Y) =20‘ 


^j*Slip-l)lan« 
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Fid, 0.— 8 ^ Shearing ntross moaHitred in pounds per squiire inch. 
s ^ Amount of ahcar. 

stress increases right up to the breaking point. There is a tendency for the 
hnal value to be rather exceptionally high. This has been observed in a 
number of test-pieces of other metals, and may be due to a difference of defor¬ 
mation at or near the breaking point. 

The curves for two 10 per cent, zinc crystals differ considerably in value 
though not in shape, and attention has already been drawn to the variable 
results obtained amongst these alloys. 
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Tensile Teste on Alloy Grystals. Part IT ,—Solid Solution 
Alloys of Copper and Zinc. 

By C. F. Elam, Armourers' and Braziers' Research Fellow. 

(Communicated by H. C. H. (/arpenter, F.U.S.—Kccoivcd March 29, 1927.) 

[Plates 3 and 4.] 

A previous paper* has described the method of making rods of metal in the 
form of one cryatal by slowly lowering graphite tubes containing a rod of 
the required metal through a furnace, so that cooling and solidification begins 
from the bottom of the tube. Copper, silver and gold crystals were made by 
this method and showed the same properties on distortion as aluminium crystals 
made by anotlier method. The present paper describes some tensile tests 
carried out on brass crystals made in this way. 

Some rods 0*26 inch in diameter of a brass containing 70 per cent, copper 
and 30 per cent, zinc were kindly given to the author by Mr. Leonard Sumner, 
of the Broughton Copper Company, Manchester. Lengths of 9 inches exactly 
fitted into graphite tubes and these were lowered through a platinum wound 
furnace which was maintained at 1,150^ C. Nitrogen was passed slowly 
through the tube to prevent oxidation. The whole process was carried out 
as quickly as possible in order to reduce the loss of zinc. In spite of this a 
considerable amount of zinc distilled ofi and collected at the end of the tube 
and on the uickeLohrome wire by which the graphite tube was suspended. 
This made the wire very brittle and if the temperature were too high or the 
wire too long in the furnace, it broke away. A number of crystals were success¬ 
fully prepared and the copper was estimated in samples from each end of the 
rod. As it was desired to preserve the part upon which distortion measure¬ 
ments had been made it was only possible to cut oS a small piece at each end 
of the crystal where it had been held in the testing machine, and in the case 
of the top of the ingot this was not always sound. Only one axialysis was 
made of Crystal I os the portion measured was comparatively small, near the 
centre of the rod, and the sample for anal 3 rBi 8 was taken as close to this as 
possible. As was to be expected, very variable results were obtained, according 
to the time taken in melting and lowering the crystal, and the temperature of 
the furnace. The difierences obtaining between each end were also variable, 

* C. F. Elam, ‘ R<^. Soo. Proo./ A, vol. 112, p. 289 (1926). 
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ranging from 0*51 per cent, to 3*28 per cent, in the amount of copper. It 
will also be seen that the amount of zinc lost, judged by the copper content, 
varies from about 1 x>er (»)nt. to 10 per cent. Some of the crystals had a 
bright-yellow colour at the top, and it is probable that this was due to the 
increased amount of zinc which distilled out of the rest of the metal and 
re-condensed as the tube cooled. 

Table I. 


Crystal No. 

Copper, pep oent. 

Top, 

Bottom. 

U 

70* 

90 

11. 

74*47 1 

77-75 

nr. 

72 62 

74-68 

IV. 

75*26 

76*10 

V. 

SO-2(> 

80*71 


It is probable that the portion of the cr 3 r 8 tal 8 measured is in closer agree¬ 
ment with the analysis of the bottom end than the top. 

Westgren and Phragmen* have made a careful study of the alloys of 
copper and zinc, and find that zinc atoms replace copper atoms in the face- 
centred cubic lattice over the range of a solid solutions. This includes alloys 
up to 36 per cent. zinc. They give the side of the unit cube for an alloy 
containing 32*2 per cent, zinc as 3*688 A, compared with 3*610 A for pure 
copper, t.e., an increase of about 2 per cent. The crystals used in the present 
research had rather less zinc than this but the differences in lattice dimensions 
are very small. 

In spite of the low rate of cooling, there was a slight appearance of oh(ning. In 
order to remove this, the crystals were heated at 750° to 800° C. for four days. 
At the end of that time polishing and etching did not reveal any signs of non¬ 
homogeneity. The crystals were not sound, however, and small blow-holes 
occurred in certain directions agreeing, roughly, with the original planes of 
choring. In order to prepare for distortion measurements they were machined 
square and all four sides carefully polished and etched until all signs of tool 
marks were removed. The final size was 3 to 4 mms. square and about 10 cms. 
long. They were then muked and measured in the way already described.f 

The results of measurements and calculations are given in Table 11. 

* WestgMO and Phiagmen, ‘ Phil. Mag.,* rol. 1, July, lOSS. 
t G. I. Taylor and 0. F. Elam,' Boy. Soo. Proc.,' A, vol. 112 (1926). 
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Table 11. 

« Brass I.—^Reference Face I. 

Iflt extMmalon. 

• ^ M75, 1-000, g ^ 0-8590, X* 89‘6“. X, ^ 88-6*, 

« 90no; ^ 86^ 30', 7o 7i ^-= 30'* 

Unstntohed cone. 

Unstrainod position. 

(0-0042 cos*^-.0-2356 sin^ ^ )- 0 0203 nos^ Nin UmH {-(0-1517 rns^-0-.3395 
sin tan 0 + 0-380 — 0. 

Htrainad position. 

(0-0030 cos* ^ I 0-3708 sin* ^ - 0 0478 com ^siii 8 - (0-0934 cos ^ ~ 0 2142 

Bin ^)tan3-0-27H ^0. 

2nd oxtension. 

1-272, /-= 1-000, (jf ■=•0-7905, Xg - H9-5^ X, 88-5°, 
i3o - fi0^ - 83«40', 7o - 7, - 100® 10'. 

TTnstretehcd cone. 

Unstrained position. 

(0-0115 cos* ^ ~ 0 3118 Ain* ^ " 0-0279 cos ^ Bin taii» 8 i (0 273!) cm ^ - 0 5895 
sin tan 8 — 0-020 -a 0. 

Strained position. 

(0-0081 008 * ^ +■ 0*6321 ain* ^ — 0 0772 eiw ^ am tan* fl — (0-1413 u».>r ^ 0*3007 

sin tan d-- 0-378 — 0. 

3rd extension. 

c = I -381, / 0-9876, -- 0 7.350, X® 89-5®, X, - 87®. 

8,-90® 10', 8, 82®, 7, *= 90®, 7i - 112® 50'. 

Unstretohed cone. 

Unstrained position. 

(0*0216 cos* ^ -f 0-4.344 Bin* ^ h 0-0(>7S cos ^ sin tan® — (0-2905 cos ^ + 0-8595 
sin tan 9 — 0-910 =» 0. 

Strained position. 

(0-0409 ooA* 4 + 0-9588 sin* ^ - 0-)480 cos ^sin tan* 9 - (0-1512 cos ^ f- 0-4485 
sin tan 9 — 0-478 = 0. 

4th extension. 

f * 1-725, / 0-9095, g ^ 0-6510, A, == 80-5®, X, 75". 

ft>®00®10', 3 i«86®30', 7, = 117® 30'. 

Unstretohed oone. 

Unstrained poaiiion. 

(0-0544 cos* ^ + 0-4600 sin* ^ — 0*2443 cos ^ sin tan* 9 — (0-2807 cos ^ -h 1-170 
sin tan 9 — 1 -976 -=* 0. 

Strained position. 

(0-0043 008* ^ -i- 1-714 sin* ^ — 0-5543 oos ^ sin tan* 9 — (0-0564 cos ^ — 0-3798 
sin tan 9 -- 0*6645 =• 0. 

* » 1.725 

T^T^^l /*« 0-9825, 7 = 0-8876, A,--87®, A^ - 75®. 

)9, « 82®, ^ 86® 30', 7, - 112® 60', 7i « H?® 30'. 

Unstretohed oone. 

Strained position. 

(10-0303 008* ^ - 0-4291 sin* - 0*5511 cos ^ sin Un* 9 4- (0-1275 oos ^ - 0-1274 
sin tan 9 — 0-358 « 0, 
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Int extension. 

* - 1 • 139, / - 0 • 95(K), (/ . 0 9390, ^ 88** 5'. 80 5 \ 

0ft •* 90®20', 01 « 92® 40', % - 90^ 20', 7^ ^ 82^ 

Uuatretohod couo. 

Unstnunod position. 

(0-0956 oos^ ^ H 0-1051 Miti> ^ - 0 2M)3 00s ^ liii l.iii- 0 { (0 O.SfM cch ^ - 0*3175 
Sin Un fl — 0*297 — 0. 

2n(l oxtension. 

€« 1*238. /-0*9395. j/ 0*9045, A#-S 8*8“, A,-- 74 2“ 

jBo 90** 20', 0t - - ri(»', 70 ^ oo** a»', 7^ 74® lo'. 

Unstretoiiod conn. 

(Jnstrained position. 

(0'1170 L'os* ^ I 0*1217 Hill* ^ —0 4019 oos ^ sin tan^tf f (0 (»07l ros ^ - 0-6535 
ain tan S — 0 • 655 - s 0 

3rd extonaion. 

• == 1 *4416, / « 0*8205. (/ - 0*9320. A^ 88*8^ A, - <47 7 

/9o « 90^ 20', 0t -= 99“. 7o " ^9'. 7, 30'. 

Unstretohed oone. 

Unstrained position. 

(0*3127 cos* ^ - 0* U30 ain» ^ - 0*4191 coh ^ mu (^) Uii^ $ \- (0-3561 c.w ^ - 1-5790 
sin tan — 1 • 145 -s 0. 

Strained position. 

(0*6937 COS* ^*1*0*8805 sin* ^l*3334cus ^ - sm ^)tan^ 9 h (0*1376 <‘oh ^ - 0-6395 
sin tan 0 — 0*5345 0. 

6th extension. 

• = I * 915, / 0 • 6700, (7 -- 0 * 9395. A^ *-* 88 • 8 ^ A, =« 57". 

J5,=90"20', ^1-90" 30'. 7“ ^90" 20', 71 = 46" 30'. 

Unstretohed oone. 

Unstrained position. 

(0*5610 cos* ^ - 0*6705 sin* ^ - 0*6740 i*os ^ sin Un- 0 - (0*O203 cos ^ - 3*450 
sin ton f — 2*665 =» 0. 

Strained position, 

(1-230 cos*^ -f- 1*8525 sin* ^ - 2 7522 oih sin Un>0 - (0 0042 ^ - 0-6215 

sin ton 0 — 0*7270 *= 0, 

—. =. i noa. / -o iw«r», 9 -1 oo, a, =« m-v, a, « 57 ". 

f sa 1 *405 

i8o-*99" ;9i-90"30', 7^ == 60** .30', 71 ^-=46* 30'. 

Unstretohed cone. 

Strained position. 

(0*4315 00^ ^ + 0*3068 sin> ^ - 0*7252 cos ^ sin Un* 0 - (0*2765 00s ^ - 0*1221 
sin tan 0 — 0*415 -• 0. 

1-356, /=•-0-9640, 9^0 0710, A, ■= 67*. -i 42*. 

fl, = 90* 30', fl, =. 84* 30', 7, =. 46* 80', 7, =. 30* 10'. 

Unstretohed oone. 

Strained position. 

(0*1004 coii* ^ -f 0*8031 sin* 4 - 0*6118 cos 4 sin 4) ton«6 - (0*1181 cos 4 - 0-499 
sin tan 0 — 0*399 » 0. 
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Table II—continued. 


« Brass III.—Reference Face I. 

iMt extauatoiie 

f«l*08Bp / "-^i 0*9906, g-0*9866, A* 90“. A. - 1W«. 

- 90® 40', J 8 i = 90® 40', « 89® 10', 7 , ^ 80^ 10'. 

Unfitretohed oone. 

Unstrained position. 

(0-0188 008 * ^ + 0-0172 sin* ^ - 0-1940 ooa ^ sin tan* 8 - (0*0024 oos ^ - 0-3179 
sin tan 8 — 0*182 » 0. 

2nd extonsion. 

• -* 1*204, /=-0-9830, 0-8780, A. 90®, A,-80-2®, 

00 - 90® 40', 01 -r* 90® 40', 78 « 89® 10^, y^ ^ 70® .W. 

Unstretohed oone. 

Unstrained position. 

(0*0893 008* ^ — 0*0537 sin* ^ — 0 3127 00 s ^ sin tan* 8 — (0*1010 00 s ^ - 0-7085 
sin tan 8 — 0*462 0. 

Strained position. 

(0*0800 008 * ^ + 0*4373 stii* ^ > 0 .3807 cos ^ -<111 tan* 8 - (0*0398 oos ^ * 0* 4325 
sin 0) tan 8 — 0*312 - 0. 

3rd extension. 

• -= 1*290, / =* 0-9345, g =: 0-8540, A* - 90®, A. « 74’ii®. 

- 90® 40', 01 ^ 90® 30', 7 o 89® 10'. 71 « Or 30'. 

Unsiretolied oone. 

Strained position. 

(0*1600 008 * 6 -f* 0*8001 sin* ^ ~ 0-8318 oos ^ sin tan* 8 ~ (0*0089 cos ^ - 0*0455 
sin tan 8 — 0*399 =* 0. 


7th extension. Bottom. 

• » 1*736, /-0*8505, 0*7930, A, « 90®, Ai«57*5®. 

« 90® 40', 0^ * 66 ® 30', 7 p 89® 10', y^ ^ 48® 40'. 

Unstretohed oono. 

Strained position. 

(0-4184 oos* ^ \- 0*8411 sin* ^ — 1-5015 oom ^ sin tan* 8 — (0-3108 oos ^ — 0-4705 
sin tan 8 — 0*667 » 0. 

7th Gxlensioo. Top. 

2*685, /*= 0*8766, 0*7095, A. - 90®, A, 37®. 

« 90® 40*, 0^^ 50®, 7 ^ 89® lO*, 7 ^ -- 25® lo', 

Unstretohed ocme. 

Strained positioD. 

(0*4096 008 *^ + 7*579 sin* ^ - 2*901 oos ^ sin tan* 8 - (0*2425 oos i - 0*6340 
sin ^)tan8-0*8615 :»0, 


Extension, 7th to 6 th. 
f » 1*735 
< 1*681 

Uostntohed oone. 
Strained position. 


1*096, 

-77®, 


/-0*9620, 
01 * 66 ® 30', 


g-0*0886, Ap-63®. Aj 

7o-«4*. 7i-«®40'. 


57-6®, 


(0*1074 ooi^ ^ + 0*1601 Bin* 4 - 0*2637 oos ^ sin i) tan* 8 - (0*9025 001 4 + 0*0846 
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Table II—(continued), 
a Brass III.—^Reference Face I—continued. 

7th extonflion. Top to bottom. 

t»73B ? = 0-8840, ^ 67-3“, A,.17*. 

’ « 66* 30', 3,« <50°, y, =. 48* 40', y, = 23* 10'. 

Unatretohed oone. 

Strained position. 

(0*0a0A OOB* ^ - 1*7937 sin* ^ + 0*4734 uos ^sin ton* 0 f (0*1510 cos ^ + 0*6490 
sin tan 0^-0 581 ^ 0. 

Particulars as to methods of calculation, etc., are to be found in the paper 
just roforred to, and as the notation is the same throughout this paper and 
that on the aluminium-zinc alloys no further explanation is necessary. Only 
the values necessary for the calculation of the cone of unextended directions, and 
the equations of the cone are given. At first all calculations were made in 
reference to e = 1 • 0. Later, however, calculations were made between different 
stages and sections of the extension, as from the behaviour of the test-pieces 
it became evident that the distortion was of a complicated nature. The most 
important of these are given in Table II where it is shown between which stages 
the calculations were made. 

A complete set of measurements were made on three separate brass crystals, 
but other specimens have been tested which show the same characteristics. 
As the history of each test-piece is different they will be described separately. 

Orystoi /. 

The position of the axis of the test-piece in relation to the crystal is shown 
in fig. 1.* The first small extension (about 2 per cent.) produced a number 
of slip-bands, figs. 1 and 2, Plate 3, of which one set was clearly the most 
important, and this set persisted and increased in number as the test proceeded. 
The appearance of more than one set of slip-lines at the beginning of a test 
has been observed by Gkmgh, Hanson and Wright in aluminium test-pieces 
subjected to alternating stress tests.f It is a little uncertain how much this 
is due to the remains of strain in the surface caused by machining and polishing, 
as there is no means of ascertaining if these planes go rig^t through the test- 
piece. They may account for small discrepancies between results in distortion 
calculations and X-ray measurements which will be referred to later. The 

* The means whereby this diagram is obtained end made use ol has been desoribed in 
previous papers. In order to avoid confusion, the same form of piojeotioa Is used here. 
Q. L Taylor and 0. F. Flam, ‘ Roy. Soo. PVoo.,* A, voL 108 (1020). 

t Gough, Hanson and Wright,' Phil. Trans.,* A, vol. 206. 
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main set of slip-bands were not regularly spaced as lig. 1, Plate 3, shows, 
blit as the extension proceeded, and they became more numerous, the gaps 


010 



closed up. It will be seen from lig. 1 that this crystal might have been expected 
to slip on one octahedral plane for a short time, up to about 4 per cent, extension, 
and after that, simultaneously on two octahedral pianos, provided it behaved 
os copper and aluminium. X-ray measurements made at about 17 per cent, 
extension, however, showed that the test-piece axis had crossed the line made 
by the great circle joining the poles of the (010) and (111) planes where it 
would be equally inclined to both the (111) and (Ill) planes, and at which point 
double slipping should have begun, and reached the point marked on the 
diagram, well inside the adjacent triangle. Distortion measurements showed 
that the deformation had occurred by slip on one plane, the (Ill) plane 
according to the projection made use of in fig. 1, and towards the pole of the 
(110) plane. Both the slip-plane and direction of slip ore those predicted 
from previous experience, and in the work on aluminium* it had been noticed 
that slip tended to go a little further on the first octahedral plane than was 
required by theory, but this was small compared with the present instance. 

In Table III are given the positions of the slip-plane and direction of slip 
obtained from distortion and X-ray measurements. The agreement is not 
so good as that obtaining between similar measurements for aluminium and 
aluminium-7iinc alloys, but is sufficiently close to warrant the conclusion that 
slip is on the particular plane and in the direction stated. The specunens were 
rather small for accurate measurement, and it has already been pointed out 
that errors in distortion may have been introduced by small amounts of slip 

* G. I. Taylor and 0. F. Elam, * Roy. Soo. Proo,/ A, vol. 108 (1026). See dso Goagb. 
Hanson and Wright, loo. eiL 




Teudle Tents on Allmf Ch'ystah, 


155 


on other planes afc the begutniiig of the test. Moreover, the chief difleren<'<*8 
are in the values of which are most difficult to measure accurately. 


Table III. 



a Brass I. — Eeference Face I. 


8lip-pIano. 

Dircolion of wlip. 

X-ray 

MeiuinromoiitH. 

DiHtertion. 

X.iay 

moaMun-niciitd4, 

Dintiortion. 

f — 1 -176. UnHtratiuil 
(»,„ 66-40' 

^ - 27»" :mi' 

Strained 

Shi - 68' 0' 

^ - 276- 30' 

0 - 63- 10' 

^ ^ 28.6' 0' 

0 «0- 0' 

^ - 27.»" O' 

0 ,u 37“ 10' 

^ - 85“ 30' 

Olio = 32“ 0' 

^ - 82“ 40' 

0 -.{37° O' 

^ - 91“ 30' 

0 - 32" O' 

^ - 76-30' 

f - 1 272. Stiwined 

S,„ - 82- 0' 

^ =-- 276* 0' 

0 ^ 62“ O' 

^ ^ 278- 20' 

0j„ = 29“ O' 

^ - 81- .10' 

0 - -28“ 40' 

^ 81“ :w' 

€ —1-381. 8tiaiiu<il 

^ =* 30' 

e -- 63^30' 

^ « 278“ 30' 

-■ 27“ 20' 

^ « 92“ 30' 

0 28“ 0' 

^ - 89“ 20' 

#-- 1*725. Strainod 

4 r- 27r 30' 

0 - 02® 40' 

^ 280“ 0' 

0,rt ^ .10“ .TO' 

^ 89" O' 

0 =*28“ 0' 

^ - 96“ ,30' 

1*725 - 5H°0' 

e ^ 50“ 0* 

0,„ -- .12° 0' 

0 --- 32“ 20' 

# - 1-381 ^ i2:ro' 

^ = 110“ 0' 

^ — 30li" O' 

^ — 288“ {)' 

1 __ 


oc Brass II.--Reference Face I. 


Slip-plane. 

Direction of slip. 

X-ray 

1 DiNtortinn, 

1 

1 X-ray 

DiHtortinn, 

moaauremonU. 


meafiiirementH. 


Strained 




< » 1-465 0,„ 68- 60' 

0 - 68 “ 0' 

0,„ 28- 0' 

0 - 20 “ 0' 

^-118“ 40' 

4 -= 120" 30' 

^ 339“ 30' 

^ -n 341“ 30' 

«- 1-015 0ui>-64* 0' 

0 = 68 - 0' 

0^, 30-46' 

0 =- 40- 0' 

.<« 1-465 #-34r 30' 

^ 337“ .10' 

i 110" O' 

^ ^ 110 ':M)' 

«» 2-595 0i„« 69*40' 

0 - 07" O' 

0,j, - 26* O' 

0 -- 30* 0' 

, » 1-916 ^ 102* 30' 

# «>e8*40' 

# * 326* 6' 

#r>,121* 0' 
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Table III—(continaed). 


a Brass III.—Reference Face I. 


Slip-plaiio. 

Direotion of slip. 

1 

X-ray 

moafttiramento. 

ilifitortioa. 

X-ray 

incaauremento. 

DUtortion. 

Strained I 

f I -to* «ui 68" 30' 

tf IJfi° 0' 

« 28*30' 

0 = 30° 0° 

.=^10 ^ - 99° SO' 

^ 100* 0' 

^ -=320*0' 

^ -r^ 317® 30' 

»-»2'88r» 09° 28' 

« = 08° 40' 

= 24* 10' 

e 25° 30 ' 

f l-7.30^.>i8S°30' 

^ 91° 0' 

^ -= 302* 10' 

^=.300®0' 


Measnxements when e = 1*272 showed that slip had occurred still on the 
same plane and in the same direction. (See Table III and fig. 1.) Only the 
principal set of slip-bands of the first extension increased in number and these 
agreed with the slip-plane as determined from dist(»tion and X-ray measure- 
ments. Fig. 2 is a stereographic diagram showing the slip-plane the pole of 




Strained poiitien. Strained position. 

which is marked P, the second undistorted plane, the direction of slip marked 
by an arrow —and the crystal planes nearest to these points. The traces 
of slip-bands are marked also, 0, and the pole of this plane S. The same 
marks are used throughout the diagrams. Diagrams such as this were made 
for all stages of the deformation but only a few reptasentative ones ate given. 
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The indices chosen to represent the plsnes are the same in all the diagrams 
and have no special relation to the crystal structure. 

At an extension of c = 1*381, slip still appeared to be on the same plane, 
but traces of a second slip-plane were visible. Up to this point, the points 
representing the test-piece axis lie on the great circle joining the point of origin 
to the pole of the (110) plane in fig. 1, adding confirmatory evidence that slip 
had occurred on the (Ill) plane and in the (110) direction. If slip had at any 
time begun on the (111) plane, the direction of slip on this plane would have 
been towards the pole of the (Oil) plane. In the case of aluminium it was 
shown that by slip first on the (Ill) plane in the (110) direction, and then 
on the (111) plane in the (Oil) direction, the axis of the specimen gradually 
moved along the great circle towards the pole of the (121) plane, when no 
further chimge would be expected, as this point lies on the great circle joining 
both directions of slip. The factor chiefly responsible for this type of deforma¬ 
tion is the shear-stress on the slip-plane. As soon as the axis has crossed the 
boundary, the shear-stress on the second octahedral plane is greater than on 
the first, and slip then occurs on this plane, and the axis tends to move back 
across the boundary. This process is repeated with first one plmie and then 
the other, with the result already described. 

The brass crystal having reached the position shown in fig. 1, the shear-stress 
on the second octahedral plane, the (111) plane, was much greater than on the 
first,* and at some point near the extension e = 1 *381, slip must have begun 
on this plane, and in a direction represented by the pole of the (Oil) plane. 
The change over from one slip-plane to another is easily seen on the specimen. 
It sometimes starts in one place, or sometimes at two or three points simul¬ 
taneously, and it is some time before the specimen appears to be uniform once 
more. In the case of Crystal I the next measurements were made at an exten¬ 
sion of 72 per cent, (c — 1*725). X-ray analysis showed that the axis had 
moved towards the (Oil) plane, and was almost at the point for double slipping, 
but was back in the first triangle as fig. 1 shows. The second set of slip-lines, 
which were just visible at s a 1*381, were the dominant set, the first having 
nearly disappeared. The specimen had become rather tarnished at this stage, 
and after cleaning with a little dilute ammonia, it was found that, while the 
second set of slip-lines were onsfisected, the first set were entirely removed. 
Calculation of the cone of unextended directions from measurements corre- 
sptmding to a ss 1 *381 and a » 1 *725, showed that the points did not lie very 
accurately on two planes, but taking the nearest great circle t^irouj^ them, 

* See latac, pege 163. 
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the pole of one plane was very close to the pole of the (111) plane. (Table 
III.) The direction of slip, which could only be obtained approximately, did 
not agree very closely with the pole of the (Oil) plane, but fig. 1 shows that 
the main direction of slip must have been towards this point. It is also 
probable that slip may have occurred on both these planes at some time during 
the period, and this view is supported by the fact that when the specimen was 
stretched further, it broke almost immediately, showing a double-wedge 
fracture similar to those of copper and aluminium, which it has been shown, 
is duo to slipping on two planes. The final stage of this crystal, therefore, 
resembles the pure metals of the same crystal structure, and unless intermediate 
measurements had been made, it would have appeared quite normal. 

Crystal IL 

The position of this cr 3 r 8 tai relative to the axis of the specimen is shown in 
fig. 4. It was calculated that this crystal would slip on the (Ill) plane until c 
was equal to 1-29. Calculations made from measurements when e = 1*139 
and c == 1-238, confirmed this view. In order not to confuse the diagram the 
position of the axis at these points is not included in fig. 4. Calculations when 
e = 1*466 still showed slip on the same plane and in the same direction. This 
point is shown in fig. 4, and in Table III are given the positions of the slip- 
plane and direction of slip obtained from X-ray and distortion measurements. 
Up to this point only one set of slip-planes was visible, fig. 3, Plate 3, except 
for traces of other sets which appeared previously. Fig. 6 is a stercograpliic 
diagram representing the distortion at this point. 
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On teplacing the specimen in the testing machine, and continuing the 
extension, it suddenly appeared to give way, first at one end, and then at a 
few points elsewhere. It was removed from the machine and photographed 
(fig. 4, Plate 3, and fig. 1, Plate 1). A second set of very well-marked slip-bands 
appeared (fig. 4, Plate 3). The specimen was too uneven to give uniform 
measurements, so it was stretched further. As soon as the distortion appeared 
to be even again, the crystal started narrowing abruptly near one end. (The 
specimen was slightly tapered, so that changes begun near the small end.) 
Instead of breaking, as it appeared at first, a third type of deformation began. 
When nearly half of the specimen had changed it was carefully measured. A 
photograph is shown in fig. 3, Plate 4. 

X-ray measurements were made on both parts of the specimen. The bottom 
part of the crystal hod an extension represented by the value e = 1*91, the 
top that of e ==: 2*696. These two points are shown in fig. 4. During the 
period from e=:l*46toe = l*91, the axis moved towards the pole of the (Oil) 
plane, while from e = 1*91 to e — 2*696 it tended to move again towards 
the (110) plane. Distortion calculations between these extensions, viz., from 
e 1*46 to e — 1*91, showed that the points did not lie accurately on two 
planes, fig. 6, but drawing the nearest great circle through them, the pole was 
near the (111) piano, and the direction of slip near the pole of the (Oil) plane 
(Table 111). There appeared to be no connection with the (Ill) plane. This 
also agreed with the results of slip-band measurement (fig. 6). Of the two 
sets of slip-bands now on the surface the new set agreed more closely with 
the (111) plane than the first set did with the (Ill) plane. If calculations were 
made between measurements at e = 1*0 and e = 1*91 a cone-shaped figure 
was obtained indicating slip on two planes. 

Calculations were then made between measurements obtained from the top 
and bottom of the specimen, is., between values of c = 1*91 and c s 2*696. 
The pdnts fell mote closely on the great circles, the pole of one plane now 
agreeing with the pole of the (Ill) plane, i.e., with the first slip-plane, although 
the agreement between the direction of slip and the (110) plane was not so 
good (fig. 7). The figures are given in Table III. Traces of the third set 
of slip-lines also agreed with this plane. Traces of the first two sets of slip- 
lines remained on the siufsoe, but now hod no more connection with the crystal 
structure than any other scratches or marks on the surface. This only tends 
to amphsMMa the caution that is necessary in basing any conclusions as to the 
plane of slip, on the measurements of slip-bands alone. They frequently do 
agree with the ^ane of slip, but only while it is actually functioning as the 
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Fio. 6.—aBmuII. r^l-466to Fio. 7.—aBraaill. 1-015 to 

f = 1-916. Strained position. < =: 2-606. Stminod position. 


sUp-plane. It is possible, howevor, to separate the true from the false, by 
repolishiug or re-etching the spedmen at intervals. 

Fig. 8 is a drawing to scale representing the original and final cross-soctions 
of this crystal. It gives a very good idea of the enormous distortiun this crystal 



Face I 
Fra. S. 

has undergtme, and it also shows the difficulty of obtaining accurate measure¬ 
ments of the width of the faces and the angle 
The distortion of this crystal, therefore, can really be divided into three 
stagea, as its behaviour during testing indicated. Slip was (m the same ^ane, 
and approximately in the same direction in the first and third stages, but on 
a difierent plane, and in a reverse direction during the second stage. Like the 
first eiystsl, dip occurred on the first plane over a much kmger eoctemnoa than 
in the pure metals. On extending the crystal still further, the third stage 
spMad down the teat-piece, but the specimen then broke with a stca^ht fimcture 
psxpendiealat to^ axis, in the narrowest part, without any further extension. 
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Crystal III. 

The wigmal porition of this ctystal is phown in fig. 9. Slip on two planes 
should have begun at about 5 per cent, extension, but distortion and X-ny 
measuiemedts riiowed that at extensions corresponding to c = l’088, and 
K =3 1*204, slip was still on the first octahedral plane, and towards the (110) 
plane. Only one set of slip-bands was visible (figs. 9 and 10, and Table III, 



Strained poaition. 

and fig. 5, Plate 3.) On extending further, however (s = 1 *292) ,'two sets of slip- 
bands were visible, and calculations showed that the cone of unextended direc¬ 
tions no longer consisted of two planes. The position of the test-piece axis 
was almost unaltered. At this point the test-piece became very uneven, 
a new type of deformation setting in at several points, fig. 2, Plate 3. At a 
further extension (c =s 1 • 581) the test-piece became more unifordi and measure¬ 
ments were made (fig. 6, Plate 3). The position of the axis is shown in fig. 9. 
It had moved parallel to the great circle through the poles of the (010) and (111) 
planes, but at some distance from it, indicating that slip had occurred on both 
(Ill) and (111) planes, but the axis was not symmetrical to these planes. The 
test-piece was still hot quite uniform, so it was extended further. As in crystal 
No. II, no sooner did it appear uniform than it suddenly drew down near one 
end, thus starting a third stage in the deformation. When about one-third 
of the test-piece had changed, it was removed from the machine and both 
parts carefully measured. In the least extended part c was equal to 1*735, 
and the position of the test-piece axis is shown in fig. 9. The point had re¬ 
crossed the boundary for double slip^ng and was nearer to the pole of the 
VOL. OXV.—A. H 
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(121) plane. Judging from this, most of the distortion probably occurred on 
the (111) plane, towards the pole of the (Oil) plane, but this could not bo 
proved as calculations of the distortion, from c = 1*681 to e = 1*736, gave 
a cone indicating that slip had been on both planes (fig. 11). Traces of slip- 
bands, however, agreed with this plane. Calculations between the two last 




stages of the distortion agreed closely with slip on the original (111) plane in 
the direction of the (110) plane (Table III, fig. 12). Traces of slip-bands also 
agreed with this plane, and X-ray analysis showed that the axis had moved 
in a direction conforming with this conclusion (fig. 9). 

As in crystal II the deformation took place in three stages of which the first 
and last were on the same plane and in the same direction, while the middle 
stage appears to have been made up of irregular slipping on both these planes. 
The crystal broke in the thinnest part before the final stage had been completed. 
Fig. 4, Plate 4, shows its appearance just broken, and brings out the abrupt 
change in cross-section as the deformation passes from one form to the other. 

The most noticeable features of the distortion of these^crystals are, firstly, 
the enormous extension, t.e., 160 per cent., before fracture, compared with 
copper which rarely exceeds 60 per cent., and, secondly, the uniformity of the 
crystal in its final condition, considering the abrupt changes in shape when 
slip changes from one plane to the other. At this point it appears as if the 
planes must be considerably bent, yet they straighten out again without any 
irregularities. This type of deformation very much resembles that described 
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by Mark, Folanyi and Schmid'*' as Nachdehnung,” as applied to a similar 
appearance in the deformation of zinc. These authors definitely co-relate this 
structure with a bending of the crystal planes. A similar effect is also to be 
found at the ends of single crystal test-pieces, at the junction between distorted 
and undistorted metal. 

Calculations of the shear-stresses on both planes were made. The results 
are given in Table IV and plotted in figs. 13 and 14. Some curves obtained 
from copper crystals are also shown. 6 is the angle between the axis of the 
specimen and the normal to the slip-plane, and y) the angle between the direction 
of slip and the direction of greatest slope. These values are obtained from 
X-ray measurements using a stereographic net. and Sj are the shear-stresses 
in pounds per square inch, in directions parallel to the first and second slip- 
planes respectively. It is to be observed that whore the slip is definitely on 
one plane or the other, the points lie on a straight line and that the shear-stress 
continues to increase on a plane when it ceases to be the slip-plane at the same 
rate as it did when it functioned as the slip-plane. Wlien slip begins on a 
plane, which has not been acting as the slip-plane, the shear-stress decreases 
on that plane. The shear-stress on both planes is equal at certain points, 
corresponding to positions where simultaneous double slipping would normally 
take place. It will also be noticed that the rate of increase in shear-stress is 
much less the second time that slip occurs on the plane. This is very well 
brought out in the case of Crystal II, and, to a less extent, in Crystal III. 
There appears to be no relation between the shear stresses on the two pianos at 
the point when one ceases to act as slip-plane and the other begins. Where 
slip occurs on both planes simultaneously, the rate of increase of resistance to 
shear is more rapid than when either plane acts separately. This is brought 
out in the case of Crystal III shown in fig. 14, where it will be seen that the 
slope of the curve in the middle section, i.e., from c = 1*204 to e = 1*736, 
is steeper than in either the first or last stages. Copper crystals show the same 
effect. 

The properties of these alloy crystals, just described, suggests that the 
different octahedral planes in the crystal are not all equally resistant to shear. 
The most probable explanation is that owing to their method of manufacture 
the crystals were not homogeneous. As the crystal solidified it is probable 
that alternate layers of zinc-rich and copper-rich material were deposited on 
certain crystal planes, and that even after a long period of heating, diffusion 
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* Mark, Folanyi, Sohmid, * Z. f. Pfayaik' (1922). 
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Table IV. 


f. 

First slip-plane. 
(111). 

Second slij^-plane 

Cross- 

sectional 

Load. 

Shear stress. 



e- 

s. 

n- 

area. 


Sf 

s,. 

CryMal I — 
1-00 

65*40' 

8“ 30' 

68“ 30' 

11“ 40' 

sq. ins. 

lbs. 

lbs. per 

sq. in. 

1*17 


mmm 

66° 40' 

.6° 0' 


2.% 

4,001 

4,226 

1*27 


6“ 0' 

63“ 0' 

4“ 60' 


380 

6,710 

7,710 

1-381 

84* O' 


60“ 30' 

1“30' 


500 

9,025 

11,660 

1*726 

57“ 10' 


58“ 0' 

l“30' 

0-0160 

620 

13,080 

13,780 

Crydai 77— 









1-0 

66-30' 

26“ 0' 

76° O' 

15“ 10' 

__ 


—. 


1-235 

60“ 30' 


66° 40' 

17“ 0' 


187 

4,700 

4,055 

1-466 

68“ 60' 

14“ 10' 

69“ 30' 

14-40' 


381 

9,450 

12,240 

1-915 

61“ 0' 

16“ 20' 

64“ 30' 

18“ 0' 

0-0100 

455 

18,430 

16,780 

2-595 

69“ 40' 

16“ 30' 

60“ 60' 

23“ 30' 


455 

18,860 

23,550 

CVysfal777 







j 


1*0 

62“ 30' 

18° 0' 

69“ 30' 

17“ 30' 


— 

— 

— 

1-088 

68“ 30' 

22“ 60' 

64“ 60' 

20“.%' 


150 

2.410 

2,760 

1*204 

68“ 30' 

16-60' 

61“ 30' 

22“ 20' 

0 0177 

235 

4,235 

6,145 

1-292 

68“ 30' 

16“ 60' 

61“.%' 

22* 20' 


369 

7,415 

8,710 

1-681 

62“ 30' 

8“ 0' 


■ iZTiS 


430 

13,880 

14,220 

1*696 

60-48' 

16“ 10' 

65“ 0' 



470 

16,700 


1-736 

61-20' 

14“ 30' 

64“ 40' 

■ !^3R9 


490 

16,710 

i^5i 

2-686 

6»° 28' 

12-20' 

68“ 30' 

21“ 0' 


490 

19,880 

i 

m 



f. 

Load. 

Area. 

1 


1?- 

S. 

Copper XI 

1-00 

lbs. 

sq. ins. 
0-0492 

42" 03' 

18“ 0' 

lbs. sq. ins. 


1*10 

287 

0-0447 

47“ 0' 

12“ 40' 

3,230 


1-25 

683 

0*0373 

65“ 30' 

10“ 0' 

1 8,430 


1-30 

764 

0*0341 

66“ 46' 

10“ 0' 

10,250 


1-40 

615 

0*0317 

58“ 40' 

10“ 40' 

11,200 


1-62 

857 

0*0278 

63“ 20' 

8“ 40' 

12,220 

Copper X 




■MM 



1-00 




0“ 0' 

— 


1-10 


0*0450 


— 

4,665 


1-20 


0*0890 


— 

8,325 


1-30 


0*0370 


— 

10,380 


1-40 


0*0327 


— 

12,270 


1-50 

BBI 

0*0298 



13,580 


CwUU /«—Slip is on 1st Slip-plane (111) from «=al-oto«sal -464. 

Slip is on md Slip-plane (111) from t « 1-916 to • 1-725. 

Crpitol 12. —Slip is 1st Slip-plane from « » 1*0 to < =« 1-465. 

Slip is let Slip-p^e ana from # = 1-915 to < => 2-595. 

Slip is on 2nd SUp-piane from t « 1-466 to • »1«915. 

CVpftal ///.-^Slip is on let Slip-i4ane from c % 1-0 to c 1*204 and from c » 1*736 to 

2 - 666 . 

Between s ar 1*204 and t ^ 1-735 slip ooonired on both planes, but from « » 1*581 to 
« SB 1 -736 slip occurred mostly on second slip-j^ane. 
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was incomplete. It is well known that diffusion without mechanical work is 
extremely slow. Evidence in favour of this hypothesis is that the slip-lines 
tend to be in bands, with intermediate regions almost free at the beginning of 
deformation. On the other hand, distortion on both octahedral planes shows 
wide bands. Moreover, the orientations of the three crystals investigated 
differ widely; and it appears improbable that the second slip-plane should in 
all three cases contain more zinc atoms, just by chance. Again, in both 
Crystals I and III, there are two octahedral planes almost equally inclined 
to the axis, so that it might be expected that both would be similar as regards 
solidification, yet slip still occurs, first on that plane which, according to all 
that is known of the distortion of metal crystals, should be the slip-plane. 
Therefore, although this is a possible explanation of the different behaviour 
of otherwise similar crystallographic planes, it does not seem to be the most 
probable in this particular case. 

It appears rather that slip tends to proceed more easily along a plane upon 
which it has once begun although this is contrary to the usually accepted view 
that gliding on certain planes is more difficult in the case of an alloy than in 
that of the pure metal, owing to the distortion of the crystal lattice due to the 
presence of the allo 3 ring element.* In fig. 14 are plotted two curves obtained 
from similar measurements on copper crystals. It is interesting to find that 
there is so little difference between these and the brass crystals, although the 
latter are finally much harder. The difference in the amount of elongation 
before fracture is also very marked.*!* This seems in some way to be connected 
with the fact that a much greater extension is obtained, the longer slip is 
confined to one plane. These results, however, are the opposite to those 
obtained with the aluminium-zinc alloys. 

* Rosenliain, * Jour. Inst. Metals,* vol. 30 (1023), May Lecture. 

t Normal annealed a brass has usually both a higher tensile strength and elongation 
than pure oopper. 
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Temile Tests on Alloy Crystals. Part III— Conclusions. 

By C. F. Elam, Armourers’ and Braziers’ Research Fellow. 

(Communicated by H. C. H. Carpenter, F.B.S.—Received March 29, 1927.) 

It is now generally accepted that with one or two exceptions when one metal 
is added to another and the two form a solid solution ” or mixed crystals, 
it is brought about by the substitution of certain atoms of the principal metal 
by those of the allopng element. The crystal-lattice expands or contracts 
according to the nature of the alloying metal. It has not yet been shown 
that this substitution occurs in any regular manner or is confined to any 
particular planes in the crystal. Bosenhain* has suggested that the presence 
of a stranger atom necessitates a distortion of the crystal lattice in its immediate 
neighbourhood, similar to the effects of mechanical strain, and that the change 
in properties due to alloying ore easily explained on this hypothesis. The 
greater resistance to deformation can be attributed to irregularities in the 
slip-planes due to the presence of the larger atoms and consequent distortion 
in their neighbourhood so that the planes move over each other with greater 
difficulty. When two of these irregularities meet, they tend to hold up slip 
altogether. Some such explanation has been applied to the effects of botli 
alloying and mechanical deformation in producing a greater resistance to further 
distortion. 

As far as the writer is aware, the only systematic investigation of the effects 
of alloying on distortion is that undertaken by Rosbaud and Schmid.f They 
made zinc crystals by Czochralski’s method, containing up to 1*05 per cent, 
cadmium and 2 per cent. tin. They found that wires made in this way con¬ 
tained the same cadmium and tin content as the molten metal from which 
they were drawn. Crystals containing 0*53 per cent, cadmium showed no 
trace of eutectic, but those containing 1*03 per cent, showed a little. On 
the other hand, 0*1 per cent, tin in zinc forms a eutectic. The distortion was 
of the same type as pure zinc. 

Their experiments showed that the shear stress at the yield point of the 
alloys of zinc and cadmium was nine times as great with 0*53 per cent, cadmium, 
and 12*2 times as great with 1*03 per cent, cadmium, as in the case of Kahlbaum 
zino (containing 0*03 per cent, cadmium). In the tin-zinc alloys the eutectic 

* * J. Inst. MetaU,’ vol. 30, p. fi (1023). 
t ‘ Z. f. Phyaik,’ vol. 32, p. 197 (1925). 
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separated in layers parallel to the hexagonal basal planes. The shear stress 
at the yield point for 0*6 per cent, eutectic content was only three times as 
great as the pure zinc, and this value only increased slightly with increase of 
eutectic. They also found that the mixed crystals of zinc and cadmium 
hardened less for the same amount of shear than the purer metal. 

These results are in general agreement with those described in the paper 
on the aluminium-zinc alloys. The actual load at the yield point was not 
always measured, but the curves in fig. VI, Part 1, indicate a rapid rise in shear 
stress with increasing percentage of zinc. As the extension proceeds the 
increase in shear stress for the same amount of shear does not differ to anything 
like the same extent. This seems to indicate that the zinc atoms affect the 
initial yielding of the metal to a greater extent than the hardening process 
due to deformation. On the other hand, more than 10 per cent, of zinc reduces 
the amount of distortion before fracture very considerably. It may be that 
the amount of shear possible on the slip-planes is less, due to the irregularity 
of the planes, or it may be that the number of possible slip-planes is reduced. 
It has certainly been noticed that the slip-bands in these alloys are farther 
apart than in the pure metal. It is not possible to offer any explanation of 
the fracture. It generally seems to be associated with slip on a second plane, 
and it has been shown that the conditions for uniform distortion are more 
easily maintained when slip is on one plane than when a second plane id 
involved. There is insufficient evidence, however, on this point. 

Turning now to the results of the experiments on brass crystals, they seem 
to be directly opposite, in many respects, to those of the aluminium-zinc crystals. 
In the first place, the amount of elongation before fracture is very much greater 
than for pure copper, and the shear stress at the beginning of the test is very 
little different from copper. It is possible that the differences observed may 
be due to the two ways of making the crystals. Crystals of pure metals made 
by the two methods do not differ, but with alloys that possibility must not 
be overlooked. Brass crystals cannot be made by the straining method owing 
to the readiness of this metal to form twin crystals, but it should be possible 
to make the aluminium-zinc alloys by the melting method, and a final decision 
on this point awaits an investigation of crystals prepared in this way.* 

It has already been pointed out that there are insufficient grounds for thinking' 
that the peculiarities of the distortion of these crystals are due to the direction 
of growth of the crystals during the process of solidification. But it is possible 

* Up to the present it has not been possible to make large aluminium-zino alloy crystals 
in this way. 
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that the alloying atoms take up different positions when the crystals grow from 
the liquid from what they do when the metal recr}rstal1i8eB in the solid. 
Further, the part played by mechanical deformation in aiding diffusion is well 
known, so that it is probable that alloy crystals grown in the solid by a 
process of straining and heat-treatment are more uniform in structure than those 
grown from the liquid. One thing, however, is common to both these alloy 
crystals; the nature of the slip-plane is very much altered by the addition 
of zinc. The fact that the distortion is unaltered does not prove that the alloy 
atoms are not concentrated on certain crystal-planes or directions, but X-ray 
evidence in the case of other alloys is against this view. It is very difficult 
to account for the fact that in one case the presence of zinc hinders slip, and 
in the other facilitates slip, if the atoms are evenly distributed and their action 
is purely mechanical. It appears, therefore, that there must be some other 
factors involved in the formation of alloys to account for their variety of 
properties. 

I should like to express my thanks to Prof. H. C. H. Carpenter, P.R.S., in 
whose laboratory this work has boon carried out, for his continued interest 
and help. 

I am indebted to Prof. G. I. Taylor, F.R.S., for assistance and advice in the 
calculations, and to Prof. W. E. Dalby, F.R.S., for his kindness in putting a 
testing machine in the City and Guilds Engineering College at my disposal. 
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Meteorological Perturbations of Tides and CwTents in an 
Unlimited Channel rotating with the Earth. 

By H. Hobbocks, B.A., St. Catharine’s College, Cambridge, Isaac 
Newton Student. 

(Communicated by Sir Joseph Larmor, P.R.S.—Received December 9, 1926.) 

§ 1 . IidroduotUm. 

The following paper is an extension, to include the Earth’s rotation, of a 
discussion by J. Froudman and A. T. Doodson,* treating of the corresponding 
phenomena in a non-rotating tidal channel. In the course of the solution it 
is necessary to have two functions expanded in two related series of special 
form (§ 9), and a separate paper has been devoted to the expansion-theorem 
required.f 

Let the axis of z be taken vertically upwards, Ox transverse to the channel, 
and in the direction of its \inlimited extent. Let the axes be so taken 
that ( 0 , the rotation about the vertical, is positive. Suppose the channel is 
bounded by x ss 0 , x 2 , and 2 and let the mean free surface be z sss 0 . 

For simplicity we shall assume that the kinematic coefficient of turbulence v 
is a function of the depth only. 

If we consider disturbances generated by wind and atmospheric pressure 
varying only with x and ^ the variation of the currents and surface elevation 
will be independent of y. Let u and v (functions of x, z, t) bo the perturbations 
of current components parallel to Ox and Oy, and C (^9 0 be the elevation of 
the surface, and p the part of the fluid pressure due to the causes under 
discussion. 

We take as equations of mot>ion, neglecting vertical motion, 



* “Time Relations in Meteorblogioal Efleots on the Sea,*’ ‘Proo. Lond. Math. Soo.,* 
Series II, vol. 24, part 2. 
t F. p. 1W. 
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Those equations are of the same form as for the problem with a viscous 
liquid, and differ from those proposed bj G. I. Taylor* in not having v every¬ 
where outside the difierential operators. The above form, however, is always 
consistent with the assumption that the action of the water above a given 
plane z = const, on that below it, is equal and opposite to the action of the 
water below on that above. The form proposed by Taylor and the above 
form become identical when v is constant throughout the whole depth. 


§ 2. Approximate Equations of Motion. 

If p is the disturbing atmospheric pressure (a fimction of x, t only) and 1^ 
is the elevation of the surface (also a function of x, t only), the last of the 
equations (1 a) gives 

P = V + f^^- 

Thence the remaining equations give 


Du _ 9^ — ^ 

Dt ^ dz \ dz) 


o 1 ap 01; 

p ox cx 


Dt 


0*0 0 / 0 «\ , „ ,, 


Under what circumstances can v. and v. 0*v/0x* be neglected ? In the 

problem of steady motion, equations (5) of this discussion would have to be 
written with(2*<i) -f **v) U\ for 2*o)£/i and (3t<o — «*v) Uj for 2tci>(7„ it these 
terms could not be neglected. If X is the width of the channel in kilometres 
and if> the latitude, l**v/(i) =s 216.10"®7rv cosec The coefficient of 

turbulence v is generally taken to be of the order of 100. Hence for a channel 
of a few kilometres width or greater, in not too low latitudes, wo may neglect 
these terms provided the m introduced in § 4 is not too large (say < 8). This 
will include most of the cases of interest. 


In the case of free decay (§ 8) we assume a factor in u and v, where v 
is the mean of v with respect to depth. If v dhijdx^ and v dhfjdxP could not 
be neglected, X in the equations (16) would have to be replaced by X — (v/v) &*/(*. 
Now = (mRM~’)*. Thus for a discussion of “long" waves (in our case 
they are “ stationary “) this correction can be neglected. 

If further we consider small motions (1^ always small compared with h), we 
may neglect the product terms in our equations of motion, which then become 


^ -I- 2 <au *= 


0 



* “ Eddy Motion in the Atmosphere,” * Phil, nwu.,’ A, vol. 215 (1916). 
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where )> = pg^ = pressiire due to a layer of liquid of depth 1^, and this we shall 
treat as small. 

The equation of continuity is 



+ ?5 = o 

^ 8 ( ' 


neglecting (d«/d7),_o uud (d^lfke) (u),.o this equation becomes 




' 3 m . , PC f. 


( 2 ) 


§ 3, Boundary Conikiom. 

It is evident that te ^ 0 when a; = 0 or L We shall assume further that 
there is no slipping at the boundaries other than the free surface, ^.e., u = v-=i) 
when ac = 0 or I and when z —h. 

At the free surface diijdz and dvjdz are proportional to the tangential force 
components, parallel to Ox and Oy, due to the wind. The resultant tangential 
force depends on the velocity of the wind, and is in the same direction. The 
wind velocity at the water surface, however, is not in the direction of the 
downward pressure gradient, but is inclined to this direction at an angle 
varying from 40° to 90°, to the right in the northern hemisphere and to the 
left in the southern. Thus our remaining boimdary conditions can be expressed 
in the form 



where v = the mean value of v in the range considered, and X and Y are 
functions of x and i, both being positive, whether we consider the northern 
or southern hemisphere. 

§4. Subsidiary Equatiom, 

Suppose X enters into X only through a factor cos kx. We substitute the 
following forms for Ci C % v :— 

= P cos Kx, (v/jA*) u — 17 sin kx 

= A cos KXy (v/pA*) 1 ? = F sin 

These forms satisfy the boundary conditions at x = 0 and x = Hi tcl=mn, where 
m is any integer, which we may suppose positive; P and A being functions 
of t and V and V being functions of z. If we put also 

i7i=tr + »T, 



(4) 
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tbe remaining conditions to be satisfied are 
dV, 


^ + l^(A+ P) 

^*-2ico£/,= l{^(,}^a)}+^^(^+P) J 




— 2v dA\ 
dt’ 


Ui = V^ — 0 when S = 1» 

= - JFe*'; ^ = - We-^ ; when 5 - 0, 


(3) 

( 6 ) 

(7) 


where ■») = (v/v) is a function of «; 5 == —*/A; and W^, p are supposed to 
be independent of x in the present development. We shall also use the 
notation We*^ = W* + iW^. 


§ 6. Steady State. 

Suppose the steady state is established in which u, v, are 

independent of t, V and V, depending on z only. 

If in this case we put 

= (4 + P) (? (5) £7, = (^ + P) P (5) IF =- {A + P) IF, 

in (6), (6), (7) we have, putting w* = wA*/v, 

^[-lK)^] + 2i<S'i’® = -l 

|‘[P(5) + f7a)]d5 = 0. 

whilst equations (7) remain of similar form. Evidently the variation of the 
current with depth, determined by F (^) and G (^), will be the same in all 
oases when the ratio of the components of tangential force and the total 
atmospheric pressure is unchanged, i.e., when IF and ^ are unchanged. In 
the present case of course F (^) and 0 ($) are conjugate, and it is sufficient to 
consider only one of them to find the motion. ^ 

Considering in particular the case when the coefficient of turbulence is 
constant throughout the whole depth and putting j = 1 + * 

0 (5) =» cic*** + - J»/w* 


(8) 
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where c^, e^, eg are real and must be determined by conditions (7), and 
then A may be found from the equation of continuity. 

Wo require 

■*■**» + Ciie~^* * — i»/w* 

Cic’*' — Cge*** = (— 

Hence 

^ sech jd>j^^</e5® — {ll(o^2)We^^~*^ J 
CgC*** — ^ sech J. 

Hence 

Vi — {A + P) ^sech cosh 

+ (1/fti v'2)Fe sinh joj{l - 5)] - Ji7d)*j. (10) 

The equation of continuity to determine A in terms of P and W is in this case 

QJ \ (l/i*) tcie‘*‘ (e^- - 1) - c*c- (e-f - 1)] - (Ji/w*)} = 0, 

i.e., 

(B U + jP) tanh jd> + 2iaWe*^ (sechyS — 1)} — 0. (11) 


§ 6. Case when w is Small. 

Taking terms of lowest order in a>, for equation (11) we find 

|(4 + F) + W. = 0. 
Approximating also in (10) we find 


Ui = iW. (^> - 1) + (W, + iW,) (1 - 1). 


Hence in this case, corresponding to a pressure distribution given by 
= F cos Kx, and our tangential force (7) we have 


Kj:=_(F + ^Tr*)co8x® 

(V Igh ^)« = i W* (*/A + 1) («/A + i) sin ** >-. 
(V/yh*) 0 =s Wg (*/A + 1) sin ** 


( 12 ) 


If Wy 0 as in the case of no rotation, the above solution takes the same 
form as the corresponding case in the problem which Proudman and Doodson 
have discussed. 

On examining the order of the value of <5 requited for our approximations 
to bold, we find that for rates of rotation comparable with those found at 



Meteorological Perturbations of Tides and Currents, 176 


points on the Earth, the channel would have to be too shallow to be of interest, 
except within a few kilometres of the equator. 

§ 7. Cose when d> is Large, 

Approximating in equation (11) we find on retaining the most important 
terms in the two expressions 

+ P = 2o)Wy, 

Hence 

- (P - 2^Wy) cos KX, (13) 

For the rates of rotation found in latitudes higher than 30°, this approxi¬ 
mation would require the depth of the channel to be about 50 metres or more. 
Near surface 

Ui = (llMy/2) We—t -(i/2w*) {A + P). 

Near base (where 5' = 1 — 5) 

Ui = (t/2fti») (A + P) («-»■'«'- 1). 

In the middle 

Uy = — (t 72 a)*) (A + P) approximately.* 

§ 8. Free Variable Stale. 

We now investigate the motion when there is no meteorological disturbance, 
but an initial current-system and surface elevation decay through the effects 
of turbulence. 

Instead of equations (3) we consider the possibility of solutions of the form 

= AKe~^' 008 

= k (14) 

whore Ui and are defined as in (4) and is constant. 

The equations (1) then give rise to equations 

kb (5) - -1' 

^[»J (5) ^ 4- (X — if) «|)x (5) = — 

where y = Sco* = which is positive. 

* W. Ekman (' Aikiv far Bfatomatik,’ yoL 2 (1955-6), “ On the Influence of the Earth's 
Rotation on Ocean Currents ") in a paper on currents generated by a uniform wind on an 
unbounded ocean, gives diagrams illnatratix^ the variation of current with depth, and 
these apply also in the present case. 
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The boundary conditions for the free state are 

( 1 ) = 4 .* ( 1 ) = 0 . ( 0 ) = 4 ;/ ( 0 ) = 0 , (16) 

and the equation of continuity, for determining suitable values of X, is 

ijj^*U) + 4'x(5)]d5 = aX. (17) 

where a = (v )* which is positive. 

The properties of the solutions of these differential equations which satisfy 
the required conditions have been discussed in connection with the expansion 
theorem referred to in § 1. The expansions necessary to deal with the decay 
of any initial disturbance of the form 

u^U {z) sin Kx, 0 = K ( 2 ) sin xa:, ? == K cos xx 


have also, as we shall see, been established. 

We shall discuss in particular the case when the coefficient of turbulence is 
cohstant throughout the water [y] (^) == 1 ], in which case the possible solutions 
are 


where X satisfies 


0 *( 5 )“ 

4'x(C = 


1 f co»(X+*Y)*g 1 
X + iyl COB (X + »y)* 

1 rcoB(X —♦?)* £ _ j 
X —♦yLco8(X —*y)* 


( 18 ) 


aX = N (X) = i tan (X + rr)‘ 


We know the nature of the dhtribution of the roots of this equation, and 
thence we see that there is an odd (finite) number of possible solutions in 
which the motion is one of non-oscillatory decay, and an infinity of possible 
cases of oscillatory decay. In the case of oscillatory decay, X being complex, 
the solutions must be grouped in the form 

kIJ 5SS [e”***** + cos kx 

Vi = il* [+* (C + 4 ^ ( 5 ) e-*«'**] 

Vi = A, [0* (5) e-**^*' + (5) 

or 

[e"***/** _ cos itx, etc., 
where X and X are conjugate roots of I^(X) ss aX. 
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§ 9. Decay of a Given Disturbaruso, 

SuppoHo Ihcro is an initial surface elevation given by 

fC^ == A cos KX 

and a velocity distribution given by . (20) 

We have seen in the expansion theorem, of which we hero use the notation, how 
fi (y and gi (5) can be expanded in the form 

/i(5)= ^ CJAK) ^ 

n-1 »a-l 

00 

where X« satisfies the equation N (X) = aX, and = L 

n-l 

If we now put 

A cos KX ^ V,fi 


I -1 


fi -1 

lh=^At 

n s I 


( 21 ) 


w<5 have the initial forms wo require, and om* differential equations and l«)uii(Liry 
conditions are satisfied, and also the equation of continuity. 

It is easy to see that the above expression for remains real for all values 
of /, for 

- a + 1 f‘ [/i (5) (5) 1- (?) (?)] d? 

- 

Since fi (^) and gi (^) are conjugate and vpn (^) and (^) lue conjugate 
when X,, X,i are, wo see at onco that CV are conjugate. Whence 

is real, and so is the above exprossion for Similarly 

u QC {Ui + t^a) (^1 ^ ^a) 

Of the above expressions, that for can be expressed us an int(>gral. 
Consider the function 

- a -h i r [fi (« (5) + fh (a (5)J di 

_ Jo _ 

N(X)--aX 

As in the expansion discussion, if this is integrated round a contour coiihisting 
of the semi-circle of radius and the imaginary axis between irhi\ and 
VOL. OXV,—A. N 
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— the coutiibution dwc to the semi-drcle leucU to zero ii» r tends to 
infinity. The poles of this function are the zeros of N(X) — oeX, and since 
these have all got real parts positive in our case (a > 0) i1> follows that 


f -«+i r [/i (5) -A* a) -I- <71 (0 K)j 

) --—---6-'^‘'-*\/X - 27« S ( 

-N (a) —OCA «—1 




' +t<tt 

Uenoo 




2m N(X) — aX 


(5)JrfC 


.<r*-‘''‘’</X. (23) 


We may notice hero that if in (20) we had expresoed the velocity terms in tlie 
form = /i(^)j the factor A would not appear in the expressions 

for f/j, in (21), whilst instead of (22) we should have 




- Ax + if [A(5) (5) + !h (5) 


N'(X„)-a 

A corresponding change would be introduced into (23). 


§ 10. Variable State with Cimtant Mcteorohgiv/il doyididons. 

Noting that (5) (6) and the tirst pair of conditions in (7) are homogeneous and 
of the first degree in .4, P, f/j, U^, it follows that any linear combination of 
solutions of these equations is also a solation. From the second pair in (7) 
we see that in such a combination the wind-effect required is the corresponding 
linear coTubination of the original wind-effects. In the present case we can take 
the sum of two solutions, one being the st<»ady state corresponding to the 
given pressure distribution and wind, the other being a suitable case of free 
decay. 

Stipj) 08 e the initial state is specified by 
= A cos /cx 

and the meteorological conditious maintained constant from time t — O 
onwards are 


= PcoHitss 




(26) 
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We have seen how to find the corresponding steady state, and we shall suppose 
that this is given by 


= B cos fcx ^ 

Ut = g (5) - (fl + P) (i U, - (B + /») F (?)J ’ 


(26) 


where B, g (5)»/(5)f involve P, If, and fi in u form that can bo dctorniinod. 

Thus to (26) wo have to add the solution corresponding to the free decay of 
the conditions 

= (il — B) cos KX 
Ux=-gi{l)—g{i)=^g (5) say 

«ay. 

Hence the solution for the establishment of a steady state is 

— COB KX 2 + B cos KX 

n^l 

£/i - s (4) *• + J/ (0 y, (27) 

n- 1 

i /,-2 6 V ^.(^) e -*-‘'^'+/(0 

n 1 

where 

(^ - ^) a -1- i f [f (5) (5) + g ii) (5) ] 

C, - 'h -- 

N'(X,)-a 


§11. If we Huppose the water to liavo been at rest with its surface horizontal 
when the wind and pressure system was set up, wo should have 


^ F'(x.)-« 


(28) 


This expression can be thrown into a form depending more directly on the 
wind and pressure system, thus:— 


(X + iY)jVM5 



N 2 
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Thus 

{K + iy) f’ =-- - f + f yj di 

Jo Ju Jo 

and 

{K - iy) f - - f 6'd^ + 

Ju Jo Jo 

Bimilarly 

»Yfi’^od5= - fV0*'d5 + >)(O)^.(O)r(O) 

Jo Jo Jo 

and 

- lY f - f i,^d!i + f+ y)(0) <^,(0) Q’ (0). 

Jo Jo Jo 

Hence 

K r (f’^.+ Gi,,) di - f +.;»j dc ~ f V+0) rfc - % + O'Wo, 

Jo Jo Jo 

i.e., 

j] {iV, + 6'^J rfg - 2a + yioW (O) c-" - h (0) e***] (1/X,). 

To find the above must be multiplied by ^ (£ + P) and subtracted from Bci 
and the whole divided by Z^T' (X,) — Wo thus obtain 



This expresses C, in terms of X* and the wind and pressure conditions. The 
surface elevation could bo expressed again partly in terms of a contour 
integral. 

§ 12. Expressions for the Suiface Elevation and Currants in the General 

Variable State. 

Suppose that in a short interval of time Sr — — Tn_i the conditions 

(25) are slightly varied, P, W, ^ being functions of t (<0 

S (dc^) = P (t) Sr cos *a? 

There will be a corresponding change in (26), which give the steady state 
corresponding to the wind and pressure conditions which hold at time t. 

S (*0 =* B (t) St cob kx 

. im^ff(i,r)Sr; 8(lf^ =/(5. T)8r. '’ 



(30) 
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Now the ohango in the motion which would otherwiae ocoiur, which ariaes 
when the conditions ore changed, is the same as the motion which would be 
set up in water at rest when conditions equal to the change in wind and pressure 
are applied. Thus if the motion of the water and the amplitude of its surface 
elevation and conditions (25) are given at time Ti, the “ configuration ” of 
the water at time t will be fotmd by adding the effects of a set of pressure and 
wind distributions given by (29) acting on water mitially at rest through 
intervals to ( respectively, to the effee-t of the initial pressure and wind 
acting unchanged on the initial configuration from time to time t. 

Hence at time t we have 

% 

[ cos Kx{ S (t) c 4 - B (t) I dr -f B (ti) cos kx 

J Ti Ln =: 1 -* 


+ coss [c,(Ti) - 

n » L 

(r) 4,. (5) c - 4- q (5 .t)]* + g (t t^) 

+ t [0.(ti)-N„(t,)]«|»,(|)«-*-'«-^->''*‘, 

« - t 

with a similar expression for f/j. Here we use 

aB (t) - \ P [/(^, t) il) + g (I, t) <1/, (5)] 

Jo 




N'{\) 


and (t) is a similar expression with A (tj), gi (5, Tj), fi (5, Tj) substituted for 
^(t)» /(5>'^) respectively. Integrating the terms directly intcgrable 

and letting Tj —— oo 


= f cos KX S Cn (t) dx H- B (t) cos KX 

J-op n^i 

f/i - f f C. (t) (5) e-*- dT + ^, (5, t) L. (31) 

J -m n M1 • ' 

Us = f f C, i-z) 4>, (5) dr +/(5, t) 

J-« ns 1 


§ 13. A Particular Case. 

To obtain an indication of the nature of the phenomena in the establishment 
of the steady state, let us consider the case when a pressure distribution 

K^= — il COB 

ia suddenly applied, and maintained constant in the case when m = 1 and 
Y ea 2ci)Jk^/v =5* 100, a » ^ 10■'^ 
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ccirrosponding roughly with a channel 100 metres deep and 40 km. across in 
latitude 66® N., the turbulence coefficient with a value of 80 being considered 
constant. 

We must add the surfai^e elevation A cos icx to the free decay of 
kIJ = — cos «x, w = 0, !? — 0. This can be done by the use of equation 
(23), employing an approximate formula for the range in which 1 X | is large 
eno\igh to approximate, and mechanical methods of integration for the range 
of smaller values of 1 X |. 

We find that the oscillations of the surface on either side of the configuration 
to be set up have a period of about 0*19 of a da^, and that their amplitude 
at the end of one day is about 1 /4 of the final surface elevation. 

§ 14, In their Reports for 1920 and 1921, the Liverpool Tidal Institute pub¬ 
lished graphs giving the residues when the predicted tide had been removed 
from the observed tide, extending over several days. These graphs frequently 
give evidence of oscillations, whose period is between 1/5 and 1/6 of a day, 
continuing for a time. We reproduce here the curve for June 29,1918, showing 
evidence of a decaying oscillation of this period approximately, persisting for 
four periods and then apparently renewed. 



Steady State set up by Pressure Distribution, 

^ QOS ue, 

ijB time in days; z is surface elevation; Zo »(if Jz) cos zx. 
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Fio. 2.—Difforoncft between Predirtiona and Gauuo Retford at Liverpool on June 2ft, 1918. 

Now tlic predicted tide is obtained by liarmonic analysis of records extending 
over a long period, and should contain all important periodic terms occurring 
regularly and derived dinictly or indirectly from astionomi(’al onuses. Irregular 
features smdi as meteorological effects would not occur in the predictions, and 
should be important in the curve of residues. 

It may thus be possihh* to regarrl these residual oscillnlions as being due 
to changes in meteorological conditions over the Irish Sea generating a dis¬ 
turbance in the d(‘ep channel running north and south between St. George’s 
Chaimol and the North (hannel, whose diinensituis approximate to those in 
our numerical example, this then being propagatiMl over the shallow eastern 
waters of the sea. 




184 


Goneirilh<ipd Sturm-Liouville Expansions in Series of Pairs of 

Related Functions. 

By H. Hobrocks, B.A., St.. Catharlne^B Cambridge, Isaac Newton 

St\ulent. 

(Communicated by Sir Joseph LarmoT, F.R.S.—Reerivcd December 0, 192C.) 

§ 1 . SiaJtemerd of PfohUw- 

The expansions here devtdoped are required for the nuthf>r’s discussion of 
“ Meteorological Pexturbations of Tides and Currents in an Unlimited Channel 
rotating with the Earth ” (o. supra, j). 170). 

T/et 7 j (x) be a real differentiable function of x defined in the range ^ 1, 
and satisfying the condition v) (ic) > c> 0 for all such a;. Lot (j^) and (ac) 
bo functions of the real variable x and tlio complex pjiratncter X, defined in the 
above range by the equations 

[’J ] + (X + iy) M=r) = - 1 

together with the boundary conditions 

fA(0) = 0, f,(l) = 0, .j/.(1) = 0, (2) 

Y being a prescribed constant. 

/(*)» 9{^) functions of x defined in the same range, and let 

fo (®) = 5o (mj) = 0 in this range. 

We require to cxpand/(a:) and g (a;) in terms of the functions (^p) n^id tj/A (a?) 
respectively, for a suitable sequence of values of X, the sequences of coefficients 
occurring in both expansions Iwjing identical, and forming a series whose sum 
is zero. /«(a;) and go (a?) are to be expanded in a similar form, except that in 
this case the coefficients are to form a series whose sum is unity. 

The form of the series will be found in § 9. 

We shall see that this is possible provided/ [x) and g (x) have Sturm-Liouvillo 
expansions in terms of the functions satisfying the conditions (3) to (6), 

v^(o)=i, n(o)=o, 

F,(1)»0. 


(3) 

(4) 

(5) . 
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Tho values of foi which these conditions are satisfied are known to be reah 
positive, and infinite in number, say v^, Vg,... v„ ... and v«-> oo as n-*■«>*. 
We denote by Vi{x), KjC®),... ... the ftjictions F„(x) corresponding 

to these values of (t. 

§ 2. Auxiliary FunUiotui. 

Let tho solution of eqvuitiona (3) and (4) for any value of |x be denoted by 
(a:) and put 

o* (*) = Ua i-iy (*), Ta (a;) t\_,y (a:). (6) 

tffj, (.r) and (•'*^) t*'*J*n at. once be expressed in terms of th«'se auxiliary functions 
whose properties are known, tlius -- 



whenever these exist. Tlius these equations give (f>A (;r) and (^5) ^or all values 
of X except — iy, Vj — iy,... v„ — iy,... when {^) not defined by (7), and 
+ iy» - j- fy,... when (») is not defined by (7). 

Returning to the equations (1) and (2) we see that when 


when 


■k-z=~iy (a;) I [x/tj (x)] dx 

X = + iy <j(A (») -- I ra:/7j (x)] ilx 


(7a) 


These exist and are finite for all x in 0 sc 1. 


§ 3. Chataclerisiio Constanta and Functions. 

(x), 'Fa (x), O'a(x), 'F'x(x), where dashes denote (as throughout this paper) 
differentiations with respect to x, are integral functions of X when regarded as 
functions of this argument. ®a (1) and 'Fa(I) are known to have only simple 
zeros,* whilst Oa(1) and 0^(1) do not both vanish for the same value of X, nor 
doTAil) and Y'a(1 ). 

* Since there is no non-xero solution of (3)for which F^(0) and FV (0) vanish aimultaneously, 
it is evident that the condition Vp. (0) 1 can be satisfied i»ovided that the remaining 

conditions of (8) to (5) are compatible. For the required properties* of see BAoher, 
* Lemons sur les MAthodes de Sturm/ Chap. HI. The properties also follow from Integral 
Bquation Theory; ace, e.g., Qouisat, ‘ Gdurs d*Analy8e>* Chap. XXXUI (Paris, 1918), 
or Hilbert, 'Grundstige einer allgemeinen Thoorie der lineacen Integralgleiohungen/ 
Kap, Vn (Leipsig, 1912), 
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(*) and regankd iw functions of X for any x in our range, are mero- 
morphiu with poles at X — v» — iy and X = v„ ty respectively. 

Tj«*t us put * 


iV(X)= 

Thus 


;V 



- 2X d f Y) (x) (x) I Til(x) V\(x) \ 

X*^ -I-y- <lx UX + »y)-d>* (1) ^ (X -iyf VxlDi 


i,e,, 

V(X) - I ^ 4- 4 _ >|0) IMDl 

+ 2(x l-ty)-‘<&x(l) ^ 2(X-iY)'=' ‘Fx(l)r 


dr, 


( 8 ) 


( 9 ) 


This is valid for all Xexctipt the poles of ^x (®) and (];x {'x). This expression, ' 
however, does not define N (X) when X ^ ity. In this case we must return 
to eipiatioiiH (7a), when for X = ly 


N (X) - i£{^x W £ W>J («)]dt ]d® 

2 IX f ty ^ (X l-fy)- Ox(l) 



(Da) 


(9) and (9 a), together with a similar expression for N (X) when X == — ty, 
show that ^(X) is meromorphic, having only simple polos, these being at 
^ = v„ ± »Y (« = 1> 2> 3. —)• 

The sini])]o roots of the equation 

2F(X) = aX, (10) 

where a is any prescribed real number, we shall call eharctctmstie constants, 
and the corresponding functions ^x (3>), tj'A (s’), characteristie functions. 

It is in terms of such functions that / (z) and g (x) are to lie expanded. 


§ 4. Some Oenerd Properties of the Characteristie Constards and N (X). 

Wo shall now show that:— 

(a) The characteristic constants which are not real occur in conjugate poiis. 

(b) Complex characteristic constants have positive real parts. 

(c) When a>*0 there is no real negative characteristic constant, but when 

a <0 there may be one or more. 

Wc use X, "k' for any two values of our parameter, and X for the conjugate 
of X. 
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Evidently, from equatiuiiH (1) ami (2), (®) and '|<;k(*) regarded aa functions 

of X are conjugate; and so are (®) and <|;a (®)- Thus it follows from the 
definition of (X) that N (X) and S (X) are conjugate. It follows from this, 
in virtue of the fact that « is real, that complex characteristic constants occur 
in conjugate pairs. We see that N (X) is real when X is real. 

(^ + »y) f (®) W <£e = f ^a (®) 1 — [■»! U) - (.r)/fii;]} dj:, 

Jo Jo 

thus 

(X + »Y) f d* (*) (*) dr = f >J (jc) dx' (a;) ^'a' (»■) ‘^ ~ f ^a' (r) dx., 

JfJ Jo Jo 

also 

{X' + if) [ ^A (®) ^A' (J-) dr = f >) (x) (®) ^'v (»•) fir — [ ^A W dr. 

Jo Jo Jo 

hence 

(X — X') f ^K{x)^K'{x)dx — [ f<^A{-r) — dA'(r)]dc, 

Jn Jo 

JO 

( X — X') f 4'a (*) <l'A' (x)dx— [ [(|ja (x) — ijfA. (a:)] dx, 

Jo Jo 

Hence 

jv(x)-iV(x')-H>^-V)rE^W0A.W h+AW+A-Wldr. (II) 

Jo 

Dividfs by X — X' and let X' X, thus * 

W = 4 f [{^^A (*)}* + i+A (*)}*] dr. (12) 

Jo 

In {larticular, if X, and \ are any two distinct characteristic (»nst4ints, and 
do ix)f d« (^)> corresponding characteristic functions. 

4 £ Wp (®) d« (*) + dp (») d« (*)] = «• 

4 £ [{dp (®)}* + {d,(*)}*] (X,.). (14) 

Wo have further 

(X + iY) r r >) (x) (x) (x) dx » r (x)cir 

Jo Jo Jo 

(X'—*y) [* dA (») d*'(*) dr •= |\ (j:) d A (*) dV(») dr — I* dA (!»=)‘^'^- 
Jo Jo Jo 

Hence 

(X+ X') (x) (x) dx - 2 f 7 ) (x) (x) (x) dx - r (/) (x)] ilT. 

Jo Jo Jo 

and 

(X+V)£dA.(»)dx(»)dr= 2£Y|(x)d'v(*)d'A(*)*> - £[dA<(») + dA(»’)]di!. 
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ThuA 

(X + X') £ [^A.(iP) '{'* (») + {®) <J»A- (»)] <fo 

== 2 £»j (®) [f A-(®) (®) + f A (») {x)]dx - 2 [iV(X) + N{\’)1 (15) 

In particular 

(X,+X,)-’ £>] (x) rf „ (X) (x) + (®) -j;', (»)] (fo 

* + 8 r r^p (x) -J;, (x) + (x) ij»p (x)] ix, 

Jo 

and ])y (13) 

- 1 - \)-^ {^) Wv (®) Vn (®) + < 1 -; (*)] 

= i f [^p (®) 'J'P (»)] [^. (*) + ( 16 ) 

j 0 

In equation (16) Huppose X,, and \ are conjugate. It follows that ^'p (a:) and 
(^) and fp {x), [<f>^ {x) -\- ipp (x)] and [<^^(») + ^^(x)] are 
pairs of conjugate functions, and in particular their products are positive. 
Hence (Xp + X,) must bo positive, not including zero, for ^x(®) + does 
not vanish for all x in 0^2^ 1, v^hatever X may bo. Thus complex charac* 
teristic constants have their real parts strictly positive. 

In (15) suppose X' — X. Then i [^ (X) + (X)] = real part of N (X). More¬ 

over, the two integrals in (15) are essentially real and positive in this case. 
Thus when X has its real part negative or zero, N (X) has its real part strictly 
positive. In particular JV(X) > 0 for real values of Xin X ^0. Itfollows from 
this that (10) has no real negative solutions if a>0, but may have such solutions 
if a < 0. 

§ 6. Attxiliary Functiorhs for Large Valuea of | X |. 

Before proceeding to examine the distribution of the characteristic constants 
in greater detail, it will be convenient to discuss the forms of v^(x) and 2^(X) 
for largo values of | | and | X |. 



and 

(dWK{»)] + |*il(x)«^(x) = 0, 

** 

[v] (x)]**^ dx, p being a fixed real constant. 


where 
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In a paper in the ‘ Ptoc. Lend. Math. Soc.’ (aeries 2, vol. 23, p. 428) H. JefEreys 
finds the form of the approximate eolutions of equatiuns of this type for 
large values of | (ji | liable to an error of the order | of the solutions. 
Having regard to our boundary conditions, these take the form 



In the former equation, iSf is an arbitrary constant arising because we have 
found dv^{x)ldx from an equation obtained by differentiating that which v„(a;) 
satisfies. H must be so determined as to give agreement with (17). 

Ct^*»l(0)]* 

dx 


Put/ 


=j]h(*)] 




h(*)]* 

Then we have 


sin 




dx j. 


(18) 


_^) «M(l) - [T>i(l)]‘ tanffu^l 

2pi* ■ « /n 


(1) 2n« 


(19) 


The poles of this fimction are given by /p* = (/• -|- ^) w, where r may take all 
sufficiently large integral values, which may be supposed positive. Thus for 
all sufficiently large r, 

v, = [(f + i)//]*«*. 


and the distance between two consecutive polos is, to our order of approxima* 
tion, 

V, — v,_i = 2r7t*/i* = 2nv,V/. 


Note also that 




§ 6. iV (X) for Large Reed Valfm of X. 

The value of the function (19) for p = v, -j- where e = o -{- ir, t being 
small compared with | p | * but not necessarily small compared with y« and a 
being numerically less than is 

Jp~* [yj (1) ]‘ tan (Z V,* + ^/fcv,-*) = — ip-» [yj (1) ]1 cot (J //rv,‘‘) 

_ [y} (1) y cos oi cosh Ti — t sin oi sinh T| 

2p‘ ‘ sin Ox cosh Ti + *008 01 sinh Ti 

— ('!) ]* sin tfi 008 oj — * wnh vi coah tx 

2p* ’ w*oi + sinh^Tx 


(21) 
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where = \lnvi ^ is nuinerically less than n and Tj = J/tv,”* is small. Wo 
easily find the extreme values of the real part of this to be ± [iq(1)]V[2^tvJ, 
corresponding to o — ±t, when o varies with t constant. 

If in (21) WG put in turn t y> Y* wo obtain the last two terms of 

N (X) for large, positive, real X; that is, neglecting small terms, 

VflK ^ h(0P 2 sin ffi cos ax 

X 2X' ' sin^ cTi + sinh® (y//2X)* ’ 


This is always of order 1/X for sufficiently large X. 

Hence we have the result that when a ^ 0, there can only be a finite number 
of real, positive, characteristic constants. If a — 0 the same result holds 
provided [y) (1)]^. whereas there would be an infinite number of such 

constants if [y] (1)]*. [/y]“* >1- If» however, a = Oand [y) (1)]*, [/y]”* -- 1. -^{X) 
would have to be examimal to the next approximation. 

It is necessary, however, in the present problem, to have oc ^ 0, as we shall 
see in the sequel (see § 7). 

Returning to equation (19) for the case when p has a negative real part and 
a finite imaginary part, we find the value | L^(l)]* I p | for the modulus of 
the right-hand side. Hence iV(X) = — X”^ to the first approximation for 
large I XI. From this and the fact that iV (X) is strictly positive for real X less 
than or equal to zero, it follows that when a < 0 and only then, there is at least 
one (therefore an odd number) real, negative, characteristic constant. 

From (21) we see that in the range < X v, + 27cv,.*/"^ 


^(X)- 


1 _ [y)(1)]* sin Oi cos 
X X* ’ sin^ Oj 4- sinh* t i 


X being real, and t'i = J^Y^r range (v,— Y)’^^<^(^r + Y) f'ke 

variation of JV (X) to our order of approximation arises from the second term 
of the above expression. 

Again, at 

X=v, + Y> iV(X)< —v,-\ 

and at 

x = v, —Y. Ar(X)> — V,"*. 


Uence tlie graph of ^ (X) for real values of X has the following features:— 

^ (X) is always strictly positive for X ^ 0 and tends to zero as X -> — % . 
N{'k)-'0 as X-^+ «o. 

N' (X) is negative for soino range in (v, — y)^ (v, y) positive 

in some range in (v,_i + y) < X< (v, — y), (v, large). 
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N Ck) for Real Values of X. 

The grapbw illustrate the behaviour of N(k) for nittl X (<tottofl curv(»s give 

- x-^. 



Fig. 1.—-Ciiflc when jij (1)|1 ^ Jy. 

N (X) has an odd finite number of real positive roots. 



Flo. 2.—C’ose when l*?{l)Ji ly. 

R (A) has an intinity of real positivo roots. 

§ 7. Vharaclerisiic Constants mth \ Xp 1 Large, 

We sliall now show that for sufficiently large values of v, there is one eharac> 
teristic constant within the circles [ X — v, T ty | = provided a 5 ^ 9 ; and, 
further, that all the characteristic constants X^, lor which | X^ | is suilleiently 
large, are so related to the poles of (X) when a ^ 0. 

Putting K — and k = J: 2 iY -f- in turn in (19) and ( 20 ), where 
K is defined as in § 6 , we find 

iV(x) = + 0(vr‘)]. 

Differentiating (19) with respect to (a and making these substitutions we find 

(X) = h [1+0 (v,-‘)]. 

Now consider 

r ^ „(X) —^ lakm round one of our drdai. (2l!) 

J N (X) — aX 
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When a ^ U this is 

— if [v) (l)]*e“‘®‘* — v,~*}c‘*[1 + O(v,~l)J(/0 having order v,”^ 

Jo 

When a = 0 this is 

fjv 

- i [1 + 0 (v,-‘)] de = - 27ti + 0 (v,-*). 

We know that for snihciently large v„ each of these circles contains a simple 
pole otN (X) — aX. Thus the above shows that they will contain also a sinijde 
zero of jV(X) -- aX if a 0 but no zero if a = 0. (Tliis is why we require 
a ^ 0 to establish the exi)ansions.) 

Now consider the integral (22) taken round the circle ( X ] - - where r 

is a large integer. On this circle 

tan(/X*) = tanfrrcf**') 

_ tan (fw cos |0) + i tanh (nc sin ^0) 

1 — i tan (nt cos JO) tanh (nt sin JO) ’ 

This is Unite for all values of 6 except possibly near such values as make 

» fIC cos JO = ± (S + J) 71 

where s is an integer <r and ^0. 

Hero 

/Ttsiii JO = -Jb r7i:[l — (« + J)®/r‘-*J^ 

The least possible value of this is irr^ for s — r — 1 and tanliTcr' — 1. 
Hence tan (fTic^'*) is finite for all values of 0, its upper bound not depending 
on r. 

By formulse (9) (19) (20) we have approximately 


llonco 


iV'(X) — a — — « 

W(X) — aX = — aX for sufficiently large r. 


f 

J jN(X)— aX 

IX| 


d\ 


•tv 

idO = 27n. 

0 


Thus N (X) — aX has one more zero than polos in any suffieiently largo circlu 
about the origin. This establishes the second part of the theorem of this 
paragraph. 
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§ 8. Change in DiBlribulion of CharadenBlic Constants as X Varies. 

Regarding a as a function of X, we require to know the way in which a varies 
along the curves of real values of a. 

a= X'>iV(X). (23) 

Putting = M + iK in (19), where K is large and positive, and MK~^ is 
finite or small, we get the value 2“^ (I — i) [ij (1)]* 

K^oi^K + mi ~ LiKr) (1)]‘ (1 + i) [1 + 0 {K‘% 
allowing for the possible error in (19). 

Thus the curves of real a have no asymptotes parallel to the imaginary axis, 
but there is one branch extending to infinity in this direction, with a parabolic 
asymptote 

The real axis is a curve required, a passing through all negative values from 
— 00 to —Gas X decreases from —0 to — oo. When X>0, a has the same sign 
as N (X), and since the variation of N {><) between successive maxima and 
minima is comparable with the value of the function at cither of such points,, 
while the variation of X in such an interval is small compared with X when X 
is large, it follows that the maxima and minima of a occur for very nearly the 
same values of X as those of N (X). Thus for large X the general features of 
the variation of a (maxima, minima, zeros, sign) will be represented by the 
curves of figs. 1 and 2, the dotted curve giving — X“* instead of — X 

By theorem (A), § 4, the curves (P say) of real a do not enter the complex 
part of the left-hand half plane. Also from equations (3) and (4) with p real, 
the residues of N (X) at the poles are all real. Hence the tangent to the curve 
r at a pole of N (X) is parallel to the image in the real axis of the line joining 
the pole to the origin. Since the residue, when v, is large, is negative, a ^ 
on the left and — oo on the right of such poles. 

When a curve P crosses the real axis, dx/dX — 0 for oi to be real along two 
distinct lines. We then have Sa = J (8X)*d*a/dX*. The second derivative of a 
being real for real X, 8X must be real or purely imaginary according to the 
sign of 28a/(cPa/dX‘). Such a curve crosses the real axis, perpendicularly, at 
each maximum and minimum of oc. On leaving the real axis, describing a 
curve P, 

a decreases if the point was a min. of a for real X 

a increases if the point was a max. of a for real X. 

VOL. oxv.— A. 


o 
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In (21) put Oi as We deduce that at X = ^ (v, + v,^.i) + iy N (X) =s 
|t/X'*[i](l)]^t/— X~S wheie| X| is large and y finite. For such values of X, 
excluding X real, a is not real. 

The condition da/dX = 0 for points of intersection of curves F with the real 
axis determines abscisses of points at which the tangent to the curve y = N{>,), 
(X real) passes through the origin. 

The curves of a real evidently consist of a series of closed curves and a single 
infinite branch approximating to y = ±8[i] (l)]~^ic*, where X = x + Wi along 
which a -»■ + Noting the behaviour of « near the loops for which X is large, 
it is evident that this infinite branch crosses the real axis at a finite value of X 
not zero. Whether there ate closed branches to the left of it or not, it crosses 
at a point where a has a minimum value for real X. If this value is negative, 
the branch must pass through a pole of N (X). 



Fio. 3.—Gteph illustratiiig Ponible Form of Curves. 

Ihe anowB denote the direotioiiB in which «Inoresses. 

§ 9. The Expanriona. 

We have shown that, when « ?£ 0, there is a finite number of real charac¬ 
teristic constants (odd number) and an infinity of pairs of conjugate complex 
constants, and that for sufEiciently large X the latter ate within | X | ~* of the 
poles of N (X), one to each. Now denote these by Xa(ns=l, 2, 3,...) 
being ordered according to increasing | X| and then increasing arg X. Whan 
convenient we shall denote conjugate characteristic Cfmstants by >„ Xj, a 
taking values of n for whidi X, has a strictly negative imaginary part. The 
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ooiteepondijig oharaoteristio functions we denote by («), (x), (x), etc., 

respectively. 

Suppose we can find sequences of numbers A„ (n = 1,2,...) independent 
of X, such that 

/(*)= Li4,^,(x) 9 {x)= f 4,»p,(x) 0= 

flscl 1»~1 f|9>l 

0 = f fi,^.(x) 0 = L B,4;.(x) 1= ^ B, 

n«l n^l 

Using equations (13) and (14) we find 

* [fix) ^ix )+9 (x) (x)]dx = [AT' (X,) - a] A, 

0 = a + [Ar'(X,)-a]5„ 

the series being supposed uniformly convergent, in 0<^x^l. Since 
iV' (X,) — a ^ 0 we may write 

i P [fix) (») + 9 (®) (»)] ^ 

A„= —5 iV'(X,)-a .• (2B) 

®" “ N'iKV-x 

We shall now substitute these values in the series (24) and examine the 
resulting series for convergence and sum. 

§ 10 . Conv&r9ence. 

For sufficiently large values of s, the constant X, is equal to v,' -f* ^ ~ *Y> 
where s' = (an integer) and 

— [>j (1)]». cot = aX,. 

This gives 

-x-[7)(1)]*oc-»I-M1/v,)‘. 

Whence also 

Af'(X.) = /a*[i}(l)r*K*)=iV'(Xi). 

and 

v^=*7i«(s+1)*/4/*. 

From (7) and (17) 

1 1 {», (x) I = I (x) I<2)«|. [ij (5 )yi (1)]-* (v^)», 

I +. (») I = I ^ (*) I < l~h~' h i^)h (1)]"* (v)"^ 

where i) (^) is the minimum value of v] (x) in (0,1). 

Hence for sufficiently large » = s or s 

I ^ I < h (i)/>) (5)]* I-' I«|-‘ {|f/(») P (») I +1 |V(*) Q (*) dx 1} (V,.)-', 

o 2 
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where P (x) and Q (x) are bounded by 1. / (x) and g (x) being sununable 

in (0,1), the last bracket has a bound independent of v^. 

\B,^,{x)\ and 15»«{»,(x)| are both <2/'* [7j(l)/iii (5)]* (1/v^*). 

« CO oo flO 

Hence the series X A„, £ £ B^ (x), £ B^ (|«. (x) are absolutely and 

nasi ns.\ M^l Hsl 

uniformly convergent, like £»t £«“*, £n“®, £n“®, respectively. 

Now consider for large values of m. The alternate terms Af^(z) 

form a series converging absolutely, uniformly, and like £n~‘*. Hence our 
seties converges or diverges with ^Ag (x). For «luge enough, 

f/(x)4,(x)dj! 

2/-‘ h (0)]-‘ F, W (V W F, W [1 + 0 (,-■)], 

Jo 

allowing for the possible error to which our approximate solutions are subject. 
It is easy to show that 

(|i - pi) [ 0. (x) (x) dx = K} (1) [«„ (1) - V^, (1) (1)]. 

Jo 

Put |ii as V,. Then in virtue of equation (5) 

(P - V,) f v. (x) V,, (x) dx = ») (1). V\ (1) [u„ (1) — (1)]. 

Jo 

Now let p-> V, and we find for all v, 

(x)}*dx=7) (1) r,(i) [do, (i)/dp]...,. (A) 

For large values of r this takes the value )/ [t] (0)]l. 

Hence 

A. (x) = V, (x) j‘ /(x) (x) dx [1 + 0 (I/s')]. (26) 

where F.'lx) satisfies equations (3) to (5) for (x = v^., except that F„(0) = 1 is 
replaced by 

£{f.'(*)}*«te = l. (27) 

Now £F,(x)|*/(x)F,(x)dx is the Sturm-Liouville expansion of /(x) corre¬ 
sponding to the above conditions, and this we have assnmed to converge to / (x) 
in (0,1). 
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Moreover, the term 0 (1 /s') in (26) could, by the nature of our approximations, 
be put in the form 0(l/s') = a/s+^/s’+ol#"*) where, a and bare fixed. Whence 
it is easily deduced in the case when a ^ 0 that this factor decreases steadily 
to sero. In any case it follows that 


Whence 

Therefore 


SF,(a:) [ /(*) F, {x).dxO (s"*) converges. 
Jo 

YiAgiftg (a:) converges. 

24*^1, (x) converges. 


And similarly converges if g{x) has a Sturm-Liouville expansion 

of the same type as/ (x). 


h 


§ 11. Values of Series. 

Consider the contour integrals :— 

[/W M^) + 9 i^) <1*1 


-J 


—a 


cAr(X) —aX 


dX, /j 




iV(X) -aX 


J 


</X, 


J, = f Ja - 1 I 

Jr'iV(X) —aX 


('[/(*) + 9 {*) '1<a(*)J<i*1 

-J 


Ar(x)-«x 


dX, 


f -«di fail f r[/(*)^A(*) +.?(*) +a(*)]<1*1 

- m- v. - 


where G is the circle 1X1 = r*7t*/"® for large r. 

We have seen in 17 that N (X) can be neglected compared with aX on this 
circle, on which there are no poles of any of the above integrands; and also 
(x) and iJ/a (x) are of the order X~* on it by (7) and (17). Hence all these 
integrals except Ii tend to zero as r -> ro and lim It, = 2m. 

All these integrands have simple poles at the simple zeros of jV (X) — aX, 
«.e., for all values of X which are characteristic constants, and the corresponding 
residues are obtained by writing the appropriate values of X (say X.) in the 
numerators, and replacing the denominators by iV'(X,) — a. The only possi¬ 
bility of other simple poles arises through the poles of ^a (x) and i{>a (x). By 
(7) and (9) we see that at an infinity of ^a (x) or of (['a (x), (X) is infinite to the 

same order; hence no such poles arise in the integrands of Ji, Ki, or J„ 
but they will arise in the case of J, at the poles of 0 a (x), and in the case of X, 
at the poles of 0 a (x). 
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Consider J^, Near anj pole aneing in this maxmer, say X = v„ — if, ^e 
have for the form of the integrand near (i =: v„ 

%{x) j/l*) dx v^(*) jy(») «».(*) dx 7 ,( 05 ) J/(*) 7, (oj) dx 

Hence, using the result (A) of § 10, we find for the residue at this pole 


(a 5 )j^/( 05 ) 7 .(a 5 )(fe 

J^{F,(x))®da! 


which is the general term of a Sturm-liouville expansion of — / (x). 

Hence evaluating these integrals by the theorem of residues also and 
letting 00 , we find that the equations (24) are valid, the coefiicients 
B», being given by the equations (25). 

Hence if/(x) and g (x) have Sturm-Liouville expansions in (0, 1) in terms 
of the functions defined by the equations 




7V(0) = 0 


7 ,( 1 ) = 0 


[ {7, (*)}*'& = 

Jo 


then they can be expanded in terms of ^,(x) and <{i,(x) respectively, solutions 
of (1) when X is a simple root of (10), in such form that the same sequence of 
coefficients occurs in each expansion, and this sequence forms a series with any 
sum K we please. The expansions have the form 

/(i) = S C, <f>„ (x), (x) = S C, i];, (x), 

N«1 Hal 

where C„ = A„-\-KB„, A„ and B„ being defined by the equations (26). 
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The Expansion of Charcoal on Sorption of Carbon Dioxide. 

By F. T. Meehah, Ph.D., B.Sc. (of the Building Research Station). 

(Couimunicatod by Sir William Hardy, F.R.S.—Received February 23, 1927.) 

In the examination of certain building matenals it has been found that an 
expansion takes place on absorption of water. This expansion is a movement 
of the order of strain movements in structural materials and not of the magni¬ 
tude expected by the physical chemist in connection vrith elastic gels. Accom¬ 
panying this small expansion of building materials is a fundamental change 
m physical properties. 

McBain (*Journal of Physical Chemistry’) showed that the building 
materials which possess the property of swelling with increased water content 
axe colloidal structures, presumably of the rigid gel lype. It therefore appeared 
desirable to ascertain whether rigid gels in general exhibited this small swelling 
movement. Graham* has shown that palladium expands linearly by 1'6 
per cent, when it absorbs hydrogen. 

Sorption of gas by charcoal was chosen for experiment because much work 
had already been done on it in other directions. 

It has been found that charcoal does expand on sorption of gas, and that this 
expansion is of the same order as the moisture expansion in building materials. 
This discovery may have a wider significance than that required immediately 
by the Building Research Station; it may be that the type of expansion is 
characteristic of rigid gels. 

Preliminary determinations were made by a volumetric method. The volumes 
of sticks of birch and beech charcoals found by displacement of mercury before 
and after absorption of carbon dioxide at atmospheric pressure showed that a 
volume change of the order of 0*6 per cent, took place at 16° C. The method 
was unsatisfactory because mercury entered the specimen. It was thus not 
possible to evacuate the air and moisture; moreover, some mercury remained 
in the charcoal and covered the surface. It was accordingly decided to adopt 
the method of linear measurement described below. 


* Rogr. Boo. Froo.,’ A, vol. 10* p. 223 (1867). 
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Expebdiisntal Method. 

Preparation of Charcoal. 

Three-inch cubes of yellow pine* were slowly dried and then placed in a 
charcoal packed cylinder having small gas vents in its ends. The cylinder was 
heated uniformly for approximately four hours in a muffle furnace to about 600°. 
After gradual cooling, the charcoal so obtained was razor-trimmed into blocks 
approximating to 2-inch cubes, with one pair of faces cut as nearly os possible 
parallel to the grain; another, normal to the grain; and the third, tangential 
to the annular rings. 

Expannon Apparatus. 

The apparatus used for measuring the expansion is shown in fig. 1. A cube 
of charcoal was placed in the extensometer E commonly in use at the Biiilding 



Fio. 1. 


Research Station. It is of the optical lever type, fitted with a screw S for 
calibration purposes. The extensometer, a thermometer and a hygroscope 
(found necessary to indicate mmimum humidity of the sjrstem since 
ingress of dry gas caused a contraction of imperfectly dried charcoal) were 
placed in the vacuum chamber A. This chamber was a steel cylinder, 12 inches 
high and 8 inches in diameter, standing on a rubber ring let into a brass base 
plate. 

* Sevecal other woode were tried but none gave pieces of charcoal of suitable dimensions. 
No failiues were experienced with yellow pine. 
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The minor of the extensometer was set parallel to an optically plane gloss 
window B in the vacuum chamber and the mstrument calibrated, the reflection 
in the minor of an illuminated millimetre scale being observed through a tele¬ 
scope fitted with cross hairs. The scale was about 8 feet from the minor and 
a movement of the specimen of 0* 001 inches conesponded to about 75 nim. 
on the scale. The top of the chamber was next fixed in position; it was 
similar to the brass base, to which it was bolted in three places, but had three 
inlet tubes (i) the gas inlet which penetrated well into the chamber to ensure 
circulation, (ii) the connection to a “ Hyvac ” pump giving a vacuum of 
0*01 mm. Hg, and (Hi) the connection to a mercury manometer registering 
pressures up to 800 mm. By alternate evacuations and admissions of dry air 
the charcoal was dried until a steady scale reading was reached at the lowest 
pressure attainable. The carbon dioxide was obtained from a cylinder whence 
it was passed through sulphuric acid washing bottles and a phosphorus pent- 
oxide tube into the chamber. Equilibrium was usually reached about two 
hours after each alteration of the pressure. 

ExperiwenUd Results, 

The temperature coefficient of the apparatus was found to be 0*000023 inch 
per degree Centigrade and in the earlier experiments the temperature was 
maintained constant to 0 * 5“ G. 

The first measurements taken were the ex^Miasions in the three grain directions 
due to one atmosphere of carbon dioxide. Tables I and II show the results. 


Table I. 

Temperature 16*4 ± 0*5® C. 


Direction. 

Length of 

Kxpaiuion. 

Pot cent, linear 
expanHioii per 


edge. 

atmoiphere GO) 


inohee. 

inohee x 10** 


Along grain 

RadUuy 

2*126 

2*140 

4*266 

4*690 

0*2017 

0*2265 

Tangentially 

2*030 

4*690 

0*2314 


Cubtoal expftnBion per etmoephere GOg — 0*6616 per cent. 
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Table II. 


Temperatuie 10-0 ± 0'6® C. 


Direction. 

Len^ of 
edge. 

Expansion. 

Per cent, linear 
expansion per 
atmosphere COg. 

Along grain. 

Radialfy . . 

incbea. 

2*100 

inches X 10'* 
S-600 


2*110 



Tangentially 

2100 




Cubicftl expaosion per atmospbore COg 0*7466 por cent. 


The variation of expansion with pressure of gas was next measured at con¬ 
stant temperature and in these experiments the temperature was electrically 
controlled to be constant to ± 0-l®C. The same piece of charcoal was used 
at four different temperatures and all the measurements were made along the 
grain. To ensure that the low pressure readings were recorded when the char¬ 
coal contained the correct quantity of carbon dioxide at each temperature, 
the procedure adopted was to start with a gas pressure of over one atmosphere, 
take the equilibrium pressiure and scale readings at the experimental tempera¬ 
ture, decrease the pressure by about 100 mm. Hg and again read at equili¬ 
brium. The pressure was so brought in stages to the minimum at which the 
scale was read. Then the chamber was refilled to about atmospheric pressure 
and the next temperature adjustment made. ' 

The results obtained are given in Tables III to VI and are also plotted 
together in fig. 2. From the curves, the expansions for pressures of 760 mm. 
Hg were estimated for purposes of comparison. 

Table III. Table IV. 

Temperature 16'0 ± 0*1® C. Temperatuie 23*0 ± 0*1® C. 


Piessure of COg 

Percentage linear 

Pressure of COg 

Percentage linear 

(mm. Hg). 

expansion. 

(mm. Hg). 

expansion. 

760 

0 1890* 

776 

0-1492 

739 

0*1666 

760 

0*1466* 

662 

0*1728 

661 

0-1340 

570 

0-1672 

644 

0*1175 

460 

0*1871 

420 

0-0000 

373 

0*1103 

366 

0-0875 

205 

0*1017 

222 

0*0616 

200 

0-0777 

144 

0*0431 

103 

0*0436 

1 

0-0000 

1 

0*0000 




* Esiimated. 
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Table V. 


Temperature 27 *9 ± 0*1® C. 


ProMuie of COg 
(mm. Kg). 

Peroenta^ Unoar 
ezpanBioQ. 

760 1 

01202* 

757 

0*1288 

674 

0*1106 

680 

0*1086 

401 { 

0*0062 

400 

0 0832 

204 

0*0666 

107 1 

0-0487 

00 

0 0271 

1 

0-0000 


Table VI. 


Temperauto 36’8 i 0*1® C. 


Pr««8UTe of 00| 
(mm. Hg). 

Percontage linear 
expansion. 

770 

0*1122 

760 

O-llOO* 

660 

0 0888 

568 

0*0777 

466 

0*0641 

360 

0*0493 

260 

0 0401 

200 

0*0228 

103 

0*0120 

1 

0-0000 


* EBtimatcd. 



In this series and in that described esflier it was found that tbe same equili* 
brhim points were reached irrespective of whether the gas pressure had been 
arrived at from above or below, showing that, over the pressure range examined, 
the process was reversible. 


Discussion of Results. 

From the experiments first described it will be seen that the expansion 
is independent of the direction of the grain; hence it must be of a different 
nature from the expansion of wood due to the absorption of moisture as found 
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in Robertson’s experiments.* This uniformity of expansion in difEerent direc¬ 
tions indicates that the seolotropy of wood is destroyed on carbonisation and 
that wood charcoal is isotropic. None of the experiments indicated that the 
charcoal was permanently deformed, and since the results are independent of 
the direction of the change of gas pressure, the variation in volume is reversible. 

A quantitative examination of the variation of expansion with pressure is 
interesting. At constant ternperature the relation must be 

Kota =/(p) - Cp, 

where is the observed expansion, C the compressibility of the charcoal 
and p the gas pressure. In general Cf in of the order 1U~'’ per atmosphere and 
so is negligible in the present work, whence we have 

Eoi-.=/(p). 

For the purpose of determining the form of the function, /(p), two expressions 
have been examined. The hrst 

E = (1) 

based on the usual adsorption expression, where E is the percentage linear 
expansion, p the pressure of carbon dioxide in millimetres Hg and k and n 
constants, functions of temperature. From this expression the relation of 
log E to log p should be linear. That the expression does not hold 
accurately is shown by the curves in fig. 3. The second expression tested is 
based on the adsorption equation due to A. M. Williamsl written 

log E/p G + HE, (2) 

where E and p are as before, G and H constants. 

Equation (2) implies that log £/p when plotted against £ would give a 
straight line, the necessary constants being functions of the temperature. 
That equation (2) more nearly represents the observations than equation (1) 
is shown by the curves in fig. 4. 

Equation (1) may be written as 

£/p = ip'*/"-” 

from which log E/p is linearly related to log p. For purposes of comparison log 

* “ Report on the Materials of Construotion used in Airoraft and Airoraft Engines,'' 
by C. F. Jenkin Aeronsatioal Reseaioh Committee, lOSO'). 

t Of. Riohaids, ‘ J. Chem. Soc.,' 1911, also Bridgman, ‘Proc. Nat. Acad. SoL,' 1916, 
€t teq. C for graphite is 3 x 10 '* per bar. 

X * Boy. Soo. Proo., Edin.,' vol. 38, p. 23 (1918); voL 39, p. 48 (1919); ‘ Roy. Soo. PToo.,’ 
A, vol. 90, Fp. 287,398 (1919). 
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That is, where B ie percentage linear expansion, p the gas pressure in milli- 
metres Hg, and T the temperature on the Centigrade scale. 

E = - 0'14 - 0*176 T (100 - T)10"» - ^ logw E/p. 

The relation of expansion to temperature at constant pressure is shown by 
the curves on fig. 6 to be 

1/E *AT + B (3) 



-to -5 0 5 10 16 20 26 30 35 

Temp, in degrees Centigrade 

lio. 6. 


where E is percentage linear ei^ansion, T the temperature Centigrade, A and 
B constants. That this relation holds over the whole pressure range examined 
may be seen from the linearity of the curves shown at pressure intervals of 
100 rnrn. Hg. The constants A and B are both functions of pressure but the 
intersection of the lines shows that thwe is only one independent constant. 

By calculation from the carves of fig. 5 equation (3) reduces to the form 
(T + 6*6) (100/p) 0*886 = (1/E - 1*89), 
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where T is tiie temperature ia degrees C, p the pressure in millimetres Hg, and 
E the percentage linear expansion. 

It may be noted that the expression (2) and (3) hold continuously for 
temperatures above and below 31-5° C., the critical temperature of carbon 
dioxide. 


1. The expansion of yellow pine charcoal due to sorption of carbon dioxide 
up to a pressure of one atmosphere has been measured at various temperatures. 
The process is reversible. 

2. The ssolotropio structure of wood is destroyed on carbonisation, the 
resulting charcoal being isotropic. 

3. At constant temperature the relation of expansion to pressure is better 
represented by the equation 

log E/p = G + HE 
than by the usual expression E = 

4. At constant pressure expansion is related to temperature by the expres¬ 
sion 

1/E = AT + B. 

6. The relations of expansion to temperature and pressure hold both above 
and below the critical temperature of carbon dioxide. 

The author wishes to express his appreciation of the helpful suggestions 
and assistance given by his colleagues. 
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A ContrihuiioDi to Modem Ideas on the Quantum Theory. 

By H. T. Fumt and J. W. Fisher, Wheatstone Laboratory, Ring’s College', 

London. 

(Comiuunicatod by 0. W. Richardson, F.U.S.—Received February 21, 1927.) 


I. -The de Broglie Phase Wave in Oeneralised Space-Titne. 

The relativity theory of gravitation indicates that space-time is a four 
dimensional continuum in which the line element is measured by the equation 

{ds^ ( 1 ) 


the nutation being that generally adopted. 

The world-lines or natural tracks of free particles in this space are geodesics. 
From (1) we have 


dZ',1 I 


w 


the quantity on the left being an expression corresponding to the kinetic energy 
of ordinary dynamics for a particle of unit mass. This correspondence is 
readily appreciated if it be noted that dx^/ds is the natural extension of the 
velocity, dx,^ldt, 

dx^/ds (m = 1, 2, 3, 4) is one of the direction cosines of the track of the 
particle. 

Equation (2) corresponds to 

in three dimensions. 

Hence since dsjdt is the speed of the particle we could write 

where T is the kinetic energy. 

Thus in a conservative system with total energy, E, and potential energy V, 
we have 

5»»^.^ = 2(E-V), 'm,n= 1,2,3. (3) 


This point is mentiemed to show what is meant by the statement that the 
left side of (2) ^corresponds to the kinetic energy in ordinary mechanics and 
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it appears that instead of 2T or 2 (E — V) we have here to do with the 
invariant expression of (2). 

We may define as the momentum of our unit mass the covariant vector 


whose typical component, 


dx, 

ds 


Then (2) is replaced by 




(*) 


where again jT” has the usual significance. 

(4) is the expression of the invariant expression in terms of covariant quan¬ 
tities and corresponds to the expression of kinetic energy in terms of generalised 
momenta instead of velocities. ^ We may make the substitution 


and so express (4) as 



«awaw_. 


which is eqtti\mlent to | grad. W | * = 1* where the gradient operator is to be 
understood as the generalised gradient of the analysis of tensors. 

Kow siurfaces, W — constant, have normals whose direction cosines ore 

aw 

(m — 1, 2, 3, 4) and since from (2) we have 


it follows that 


aw dx, , 


{.e., the geodesic is normal to the surfaces. 

It becomes possible to regard the continuum as filled with geodesics and a 
family of surfaces which bear to each other the same relation as lines of force 
and equipotential surfaces in an electrostatic field. 

This mutual relation appears to be the basis of de Broglie’s view that the 
motion of a particle can be associated with a phase-wave. The particle in 
the continuum may be located as a point of the geodesic or it may bo associated 
with the particular W-surface through that point. 


* Of* **Quantisierung ala Eigcnwortproblom/' Shroedinger, 'Ann. d. Physik/ vol.79, 
p. 492 (1926). 

VOL. OXV.—A. 
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To a three-dimensional observer the particle appears as a point travelling 
along its world line and to him the W-sur£ace will appear as a wave.*** 

II,— Tha Wave EqiuUion as a Fundcmental Law of Nature. 

The relativity theory of gravitation teaches that gravitational phenomena 
are the physical representation of the geometry of space-time described in 
terms of the components, which fix the nature of the geometry. It would 
be a natural extension of these principles to proceed by a similar method to 
include the phenomena of electromagnetism. It would be very satisfactory 
if, by choosing appropriate components, we could include in one system of 
geometry both gravitation and electromagnetism. 

Natural phenomena do not appear to occur in accordance with such a simple 
scheme. 

Weyl and Eddington have made the most natural extension to space-time 
geometry by the introduction of local scales of measurement, a standard for 
the measurement of (ds)^ being appropriate to each point of the continuum. 
They have in this way found it possible to include the second class of pheno¬ 
mena in the scheme. 

It is possible to make this inclusion in another way. 

Let it be supposed that the energy, momentum and stresses associated 
with electromagnetic phenomena exert an influence upon the geometry of 
space, contributing along with gravitation to the components, gnm*! 1*1^^ 
line-element be still measured by the rule, 

(ds)* = 

This is not enough for the desmption of the phenomena. We must add a 
new element to the theory. 

Let a fouT'Veotor, s', the current four-vector, be associated with elements of 
three-dimensional volume. The denotes the contravariant character of 
the vector and its components are («^, «*, s’, s*). The three-dimensional volume 
element may be considoed as a covariant vector with oomponents ((hi, do,, 
do,, doi) and the integral 

j||v*v 

is of importance in the theory. 

* [Added March 16,1027.—Wo have found it poesible to extend the view outlined here 
in a way which leads to the oonoeption of a world-line possessing struoturo, from which 
one posses naturally to the idea of a quantum of action. We hope to communicate our 
oonolusions shortly.] 

t Cf. Eddii^gton, * The Mathematical Theory of Relativity.’ p. 185. 
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This intogral may be shown to bo equivalent tu the four-dimensional integral 


M' 


Idiv. s'. dv. 


In the case when s' is the current four-vector div. s' vanishes. Associated 
with the current four-vector is a six-voctor, which we may regard as a tensor 
of the second order, known as the Minkowski six-vector. If we deTU)tift its 
typical components by F„n where 

- 0, P«n = P,„ 

we have 

j|iP«„dA"‘»={jJ(Lor. Frdflr„ 


where dA“* is a typical component of the contravariant element of area. 

The Lorentz operator is to be undeTstocwl in its general sense appropriate to 
generalised space-time. 

There is a connection bet\reen s' and F, for the equations 
(Lor. Fr-^s''(n=-l,2, 3, 4) 

give us half the Maxwell equations of electrodynamics in their most general 
form. The other half are given by 

(Lor. Gf = 0. 

We might combine these two and write 

Lor. (F + Gf = s", 

if it were possible to dissoemte F and G so as to reproduce the equations 

(Lor. FT ^ 

(Lor. GT = 0. 

The derivation of the general electrodynamical equations may be carried 
out by remembering that the components of the two reciprocal tensors are 
respectively 

F" = F« == F^" = F“ = F®^ := -E., 

Q» = E*, = E,, GP® == E„ G®" = G»* = H,. 

We may note that the equations 

aud 

j||8"do« = 0, 

P 2 
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or what ia the same thing 
and 


Lor. G = 0 
div. s' = 0 


are similar rolivtions, applying to two and throe-dimensionH respectively. 
Lor. G = 0 is not sufficient for the description of the electromagnetic pbeno* 
mena, we require to add to it the equation 

Lor. F = s'. 


We shall suppose that in the same way div. s' = 0 is also insufficient to cover 
all the phenomena possible in nature, and shall suppose that we must consider 
another four-vector r' whose divergence does not vanish but is equal to some 
quantity wliich is, of course, a scalar. 

We thus complete out equations by adding 

div. r' = <}>. 

The system of equations so obtained is strikingly simple and uniform. It 
is 

div. s' a= 0 \ 
div. r' <1/ f 

Lor. G = 0 I 
Lor. F = s' I 

and to these we add the equation for the four-vector potential 

curl Si = F. 

In these equations, may be regarded as the most fundamental quantity. 
It is to be associated with four-dimensional volume elements in the same way 
that s' is associated with tliiee-dimensional volume elements. 

We may combine the first two equations and write 

div. (s' + r') sss 4», 

and regard the two vectors as combined into one. Of this single vector the 
part s' controls the phenomena of elootrodynamios, it is related to F by the 
fourth equation and through F to the vector potential a. 

In empty space, at any rate, we may deduce G from it for G and P are simply 
related in this case, G being the reciprocal of F. 

It would be a very simple scheme of things if we could refer s' one step 
farther back to some fundamental scalar and thus complete our geometrical 
oonceptioi^of the universe by associating <{' with the four-dimensional volume. 
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We cannot do this directly, but wo can refer to a fundamental vector (s' -|- r') 
which is such that its divergence is (j<. 

This is what is meant by stating that of all these quantities is the most 
fundamental. 4' cannot be a perfectly arbitrary scalar, it must satisfy some 
equation, this equation being the mathematical expression of a law of nature. 
Wo cannot hope to deduce such a law by a series of logical deductions applied 
to a four-dimensional world, for it will be of the same character fts the principle 
of least action, the law of gravitation or the laws of thermodynatuics, the truth 
of which rests upon experimental results. 

Let us Ixy the law contained in the equation 

s' + r' = « grad. 4;, 

where a is a constant to be determined by application to special problems. 

We therefore deduce the differential equation 

div. (s' -1- r') = 4* = * (g>f»d. 4»)* 

This is the relation which 4^ must satisfy, and it is the fundamental Uw we 
are seeking. 

The operations of divergence and gradient arc to be understood in their 
general significance. 

Grad. 4« is strictly a vector with components 04^/0x,n> etc., whereas the diver¬ 
gence is an operator concerning a contravariant vector so that (grad, t]') in 
this equation must be regarded as having for its typical component the quantity 
(g*^ d4«/da^), and the expression div. (grad. 4*) is equivalent to 



'Thus the equation for 4* is 



It is significant that this is the four-dimensional mode of writing Shroedingers’ 
wave equation. 

The equation div. s' = 0, is the equation of continuity of electricity. If we 
are to combine s' and r' into a single vector we must be careful that the 
relation 

div. (s' + r') = 4»i 

does not contradict the macroscopic equation of continuity. This appears to 
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impose upon ^ a inicToscopic variation so that ^ takes positive and negative 
values, and so that macroscopically 

div. (s' + r') == == 0, 

where the bars denote average values. 

rossibly this may be associated with a periodicity in time for the (piantity 
ip, corresponding with conclusions readied by Schroedinger. (‘Ann. d. 
Physik/ vol. 81, p, 135 (192G).) 

It may be that this is connected with the (jxistcnce of point chfirges in 
space, and, if this is so, doubtless the electronic; charge will enter into the 
relation. There will then be the possibility of linking up in this theory the 
fundamental electronic charge and the elenuiiit of n(;tion, A, which determines 
the value of k. 

We must confess that we do not y<*t understand this point very clearly, but 
the theory would appear to admit of intc^resting enquiries in this direction. 

It has been recognised since the first introduction of the Quantum Theory 
that a new element had to be introduced into Physics. 

The point of view taken is that the four-vector a' is incomplete, and must be 
extended by the introduction of a four-vector w' made up of a' and the additional 
r', so that 

w' = 8' + r' . 

r' is the new element introduced. 

It seems possible in this way to include in one uniform schoiuc gravitational, 
electrical and quantum phenomena. 
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Homogeneous Heactioyia involving Complex Molecidea.—The 
Kinetics of the Decomposition of Gascons Dimethyl Ether. 

By C. N. Hinshblwood and P. J, Askey. 

(Communicated by H. Hartley, F.R.S.—^Received March 6, 1927.) 

Chemical changes in which molecules of complex structure take part have 
recently assumed a particular importance in the theory of the mechanism of 
reaction velocity.* Decompositions of organic compoxmds in the gaseous 
state provide excellent examples of such reactions. It is often necessary, in 
these, to suppose the intermediate formation of unstable radicles which undergo 
rapid subsequent transformations; and whenever each stage of a reaction is 
not expressed by conventional chemical equations, involving known substances 
only, there may always remain a slight doubt whether the course of the reaction 
has been truly represented. Although this does not prevent the drawing of 
perfectly valid conclusions about the kinetics of a given reaction, nevertheless 
an example in which every stage can be represented by a simple chemical 
equation has undoubted advantages. The decom])Osition of dimethyl ether, 
with which this paper deals, provides such an example. 

CHg. O. CH 3 - - [CH 4 + HCHO]- - > CH 4 + H 3 f- CO. 

The complexity of the dimethyl ether molecule is only moderate, and in the 
light of the discussion in the papers referred to above it is interesting to note 
that the reaction is an almost perfect example of the transition from the unimo- 
lecular to the bimolecular type. 

The remarkable influence of hydrogen on the rate of decomposition of diethyl 
ether is found with dimethyl ether also, and lias been investigated rather more 
fidly. 

Experimental Details .—Dimethyl ether was prepared by the action of sul¬ 
phuric acid on methyl alcohol, the gas evolved being absorbed in ice-cold con¬ 
centrated sulphuric acid. By dropping this solution into a mixture of water 
and ice a convenient stream of gas was obtained, which was dried by means of 
quick-lime and condensed in a bulb immersed in liquid air. While the ether 
was solid the apparatus was thoroughly evacuated. The ether was then 
carefully fractionated, the middle portion being collected in gas-holders sealed 
to the apparatus. The gas was found to be quite pure; moreover it is to bo 

* * Roy. Soo. Ptoo.; A, voL 113, p. 230 (1026); vol. 114, p. 84 (1927). 
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noted that concordant results for the rate of decomposition were obtained with 
several independent preparations. 

The apparatus and method for measuring the rate of decomposition were 
exactly as described in earlier papers,* except that arrangements were made for 
working at pressures greater than one atmosphere. 

The HomogeiMoue Nature of the Beaction ,—^The reaction was easily shown to 
be homogeneous by the usual method of comparing the rate in an empty silica 
bulb with the rate in the same bulb half-filled with powdered silica. Not only 
was there no increase in the rate of reaction in presence of the powder, but an 
apparent slight decrease. 


Initial pressure of Time for 

dimethyl ether. 50 per cent, change. 



9 

99 

179\ 

5 

23 

175 / 

0 

13 

118\ 

5 

45 

119J 

6 

40 


Empty bulb. 

Bulb + powdered silica. 

Empty bulb. 

Bulb -f powdered silica. 


The homogeneity of the reaction, moreover, made, itself evident all through 
the experiments in the exact reproducibility of results, and in the nature of the 
Idnotic rdationships. 

The Products of the Reaction ,—^In the region of 500“ C., dimethyl ether decom¬ 
poses (j^uantitatively into carbon monoxide, methane and hydrogen, the reaction 
taking place with an increase of pressure equal to twice the initial pressure. 
The following is an analysis of the products of decomposition at 656“ C. 

For cent. 


Carbon monoxide . 32*0 

Hydrogen. 33*5 

Methane. 34*5 


This corresponds to the equation CHg . O . CH 3 «= CO -|- -)- CH 4 . No 

traces of ethylene or water are framed. 

The increase of pressure was nearly equal to the theoretical value. 


Initial pv«eiiim of ether (mm.) ... 

32 

66*6 

59 

113 

313 

420 

Inoieaae of prewure (mm.).... 

63 

113 

117 

225 

619 

888 

Far oant. of thaoratioal ioorease 

38*4 

100 

903 

99“6 

99*2 

98-7 


* ‘ J. Cawm. Soo.,* vol. 126, p, 306 (1924); ‘ Boy. Soo. ftoo.,’ A, vol. Ill, pp. 246,380 
(1926). , 
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Observation of the pressure increase provides a convenient means of follow¬ 
ing the course of the reaction. Since, however, the change may take place in 
consecutive stages, it is necessary to decide how far at any moment the pressure 
increase is proportional to the actual amount of dimethyl other which has 
decomposed. Accordingly, samples of gas were withdrawn from the reaction 
vessel when the pressure increase indicated an apparent decomposition of 26 
per cent, and of 60 per cent. These were analysed by absorbing the unchanged 
ether in cold concentrated sulphuric acid and determining the remaining gases 
in the usual way. 

When the apparent decomposition amounted to 53 per cent, the analysis 
was as follows:— 

Per cent. 


# 

Calculated. 

Observed. 

Unchanged ether ... 

. 22-8 

21 0 

Carbon monoxide . 

. 26-7 

22-5 

Hydrogen.... 

. 26-7 

26'8 

Methane. 

. 26-7 

30-7 


When the apparent decomposition was 27 per cent, the results were : — 

Per cent. 



Calculated. 

Observed. 

Unchanged ether. 

. 47-4 

44-4 

Carbon monoxide .. 

. 17-6 

16-4 

Hydrogen.. 

. 17-6 

18-2 

Methane. 

. 17-6 

22-0 


It appears then that the rate of increase of pressure coinoides nearly, but 
not exactly, with the actual rate of disappearance of ether. For most practical 
purposes it can be used to measure the velocity of reaction. 

An inspection of possible equations for the decomposition shows that form¬ 
aldehyde may be an intermediate product. Although it is known from the 
work of Bone and Smith* that the rate of decomposition of formaldehyde is 
rapid even at 400" C., it seemed possible that small quantities might accumulate 
during some part of the reaction. Its presence was detected by the oolori- 
metrio method of Sohtyver.f As this method did not prove suitable for the 
quantitative estimation, the ordinary iodimetric method was adopted, samples 
of the gas at various stages of the decomposition being withdrawn and shaken 

*«J. Chem. Soo.,’ roL 87, p. 910 (1906). 
t * Boy. Soo. Frte.; B, voL 82, p. 220 (1910). 











218 


C. N. Hinshelwood aud P. J. Askey. 

with water. Blank tests with ether solutions showed that they were without 
oileot on iodine. The detailed results of these analyses appear in a later 
section, but it may be pointed out here that the accumulation of small 
amounts of formaldehyde accounts for the discrepancies in the analyses 
recorded above. For example, when dimethyl ether at an initial pressure of 
406 mm. had decomposed apparently to the extent of 85 per cent., 60 mm. 
formaldehyde were found to be present in the reaction vessel. If the lactual 
amount of ether decomposed is * then (406 — *) + 60 + ® + (2® — 60) *= 
405 + 202'6 whence x = 126. An apparent decomposition of 86 per cent, 
thus corresponds really to 31 per cent. Similarly when the apparent 
decomposition was 60 per cent, the true decomposition was 55 per cent. 

The analysis of the products of reaction withdrawn at an apparent decom¬ 
position of 53 per cent., given above, may now be compared with the 
following calculated analysis, in which the formation of formaldehyde is allowed 
for. The formaldehyde was assumed all to have condensed out as paraform¬ 
aldehyde before the analysis was carried out. 

Per cent. 


Unchanged ether. 21*6 

Carbon monoxide . 24*3 

Hydrogen. 24*3 

Methane .. 29*8 


This is now in satisfactory agreement with the observed values. 

The apparent percentage decomposition requires a correction of a few per 
cent, to bring it to the true value. Since it is shown in a later section that the 
amount of formaldehyde produced at any stage of the reaction is strictly 
proportional to the initial pressure of the ether, this cortection is the same for 
all initial pressures, a fact which is important because it is often theoretically 
convenient to express results in terms of the time taken for a definite fraction 
of the total ether to react, thou^ what particular fraction is chosen may not 
matter. Thus if the course of the reaction is being followed by pressure 
measurements, an apparent decomposition of 25 per cent, can be used without 
correction for comparative purposes; but may be reduced to the true value if 
necessary by applying the same correction whatever the initial ptessnre may 
be. * 

The KineUes of the Reaetion.--Vfh.ea the iimtease of pressure, x, is plotted 
against the time, t, curves approximating closely to the unimolecular form ate 
obtained. Ip the tables below T is the Centigrade temperature, a the initial 
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proBHUxe of dimethyl ether; k is the “ unoonectud ” uuimolevular coiiBtant 

1 2a 

obtained from the expression A = — log^^ --, tlie total pressure increase 

t 2 a — je; 

being equal to 2a. 


T 604^ a = 312. T -- 552**; a ^ 420. 


t. 


ar. 

k X I0». 

1 

n 


.»*. 

k < 10*. 

/ 

m 



/ 

m 



3 

27 

56 

0*198 

0 

67 

164 

0*166 

6 

30 

96 

0*186 

1 

25 

242 

0*174 

8 

1 

lie 

0)86 

1 

64 

323 

O-lsr, 

11 

5 

166 

0*188 

2 

25 

396 

0 IIH» 

12 

57 

176 

0-I8S 

3 

2 

471 

0*190 

15 

1« 

200 

0'183 

3 

30 

634 

0*202 

lU 

65 

250 

0-18<i 

4 

21 

693 

0*204 

26 

27 

312 

0*19(1 

4 

69 

631 ! 

0*204 

37 

20 

402 

0*200 

5 

46 

675 

0*2015 

44 

20 

437 

0*197 

7 

41 

744 

0 203 

52 

35 

467 1 

0*190 

9 

24 

778 1 

0*204 

oo 

619 


ao 


838 i 



T = niO®; a = 59. 



1 

2*. 

k X 10‘. 

, / 

m 



3 

10 ' 

6 

Olio 

11 

0 

20 

0*122 

22 

20 

40 

0*131 

28 

30 

60 

0*140 

35 

6 

60 

0*143 

43 

60 

70 

0*148 

64 

40 

80 

0*1(>0 

67 

0 

88*6 

0*140 

101 

0 

103 

0*148 

CO 


117 



The rise in the constants in the early part of the reaction may be attributed 
to the existence of the consecutive reactions, the second of which docs nut 
become as fast as the primary decomposition until a small amount of form¬ 
aldehyde has accumulated. This point is soon reached, but until it is th(t ether 
decomposition does not produce the full pressure increase per molecule. 

Nevertheless the shape of the curves corresponds quite closely to a reaction 
of the first order. On the other hand the values of k, as will appear later, are 
nut independent of the initial pressure when this is below about 400 mm.; that 
is to say, the reaction is not strictly unimolecular at lower pressures—as inferred 
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from the inflaenoe of initial pressure the order approaches more nearly to the 
second. Yet the shape of the curves connecting t and x roTnains the same at 
all pressures, a curious point which is fully explained later on. The following 
table shows that although the times required for x to reach 2B per cent., BO per 
cent, and 76 per cent, respectively of its final value vary with the initial pressure, 
the ratio of these times among themselves is the same whatever the initial 


pressure may be. 


Initial proasure 
of dimethyl 
ether. 1 

1 

T. 

i 

Actual valiiea. 

IteUtivo values. 



^5 





“0. 

/ 

m 

/ 

m 

9 

m 

1 



32 

566 

4 

13 

8 

55 

10 

60 

0*473 

1 

1*89 

41 

565 ! 

3 

60 

7 

40 

15 

6 

0*600 

1 

1-97 

56*6 

610 

10 

30 

35 

30 

70 

0 

0 47 

1 

1*97 

69 

610 

16 

20 

35 

0 

08 

0 

0*47 

1 

1-94 

91 

604 

10 

40 

43 

0 

H8 

0 

0*46 

1 

2*05 

160 

604 

15 

0 

37 

0 

77 

0 

0*41 

1 

2*08 

171 

604 

14 

0 

31 

30 

02 

30 

0*44 

1 

1*08 

233 

655 

1 

38 

3 

20 

6 

30 

0*49 

1 

1*05 

312 

504 

11 

24 

26 

27 

53 

20 

0*43 

1 

2*01 

420 

652 

1 

14 

2 

37 

4 

56 

0*47 

1 

1-88 

618 

562 

1 

13 

2 

38 

6 

17 

0*47 

1 

2*01 


It will be seen that the shape of the t, x curves is the same at all temperatures 
and pressures. The unimportance of the variation among the figures for the 
relative times is shown by the fact that a change in the shape of the curve 
from a unimolecular to a bimolecular form would cause the ratio to change 
from 2-0 to 3-0. 


Prom the similarity in shape of the different curves it would be inferred that 
any effect due to the production of formaldehyde must be proportional to the 
initial pressure. This is confirmed experimentally. 


Initial preasare of 
dimethyl ether. 

Apparent |)oroenti^o 
decompoaition. 

Actual ProBBute 
of forniaidehydo. 

1 


mm. 

r401 

6 

mm. 

31 


412 

10 

39 


405 

25 

50 

I 

306 

60 

43 

1 

[410 

75 

22 


rii2 

10 

11 


[ 116 

25 

13 

a 

1 113 

60 

9 


[m 

• 

76 

6 
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€k>inparison of the two halved of tlui above table shows that the amount of 
formaldehyde present at any stage of the reaction is proportional to the initial 
pressure of the dimethyl ether. 

Influence of the Initial Presame,—kt high pressures the reaction obeys 
the unimoleonlar law, the time taken for any given fraction of the ether to 
decompose being independent of the initial pressure. Below about 400 mm., 
however, this time increases and the reaction assumes mote and more a bimo- 
lecular character. This may be illustrated conveniently by recording the times 
required for an apparent decomposition at 25 per cent, at 504° C. (i.e., a irue 
decomposition of 31 j)cr cent.). 


Initial pressure. 

Time. 

Initial pressure. 

Time. 

mxn. 

# 


mm. 

$ 

m 

28 

33 


321 

10 

26 

58 

26 


304 

0 

60 

01 



422 

8 

28 

160 

15 

0 

500 

7 

46 

171 

13 

44 

686 

8 

4 

241 

11 

7 

636 

8 

58 

261 

11 

10 

807 

0 

10 

312 

1 

11 

6 

804 

8 

17 


Those values are plotted in the figure. The plotting of the times required U 



any other fraction gives similar results. The special investigations described in 
the previous paragraph show that these figures caimot be influenced by the 
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intermediate formaldehyde formation; and thus they represent tndy the effect 
of the initial pressure of the etlier- 

InfluetK^ of Hydrogen on the Hate of Readion .—In presence of a sufficient 
quantity of hydrogen the reaction preserves its unimolecular character down 
to low pressures as shown by the lower curve in the figure. 


initial pressutt! of 

Initial prfssutxj 

Timn for apparent 

iJimotnyl clbor. 

of hydrogen. 

25 per cent, docompofution. 

27 

400 

8 58 

00 

403 

7 50 

140 1 

038 

8 21 

140 1 

072 

8 21 

JOO 

401 

8 16 

150 

000 

7 55 

244 

307 

8 43 


The behaviour in presence of increasing quantities of hydrogen when the 
initial pressure of the ether is low is very significant. The rate of reaction 
increases at first until the hydrogen pressure is about 300 mm. At this point 
the rate attains the value characteristic of high partial pressures of ether and 
cannot bo caused to increase any more however much hydrogen is added. 
Nor has hydrogen any effect when the initial pressure of ether is high enough to 
bring the reaction within the unimolecular region. This all seems to dis¬ 
prove any suggestion that the effect of the hydrogen depends upon the forma¬ 
tion of intermediate compounds, “ complexes ” or reduction products. It is 
difficult to escape from the conclusion that the effect is in some way connected 
with the maintenance of enough activating collisions, which in the absence of 
hydrogen would begin to bo insufficient at about 400 mm, of dimethyl ether. 

The following series of experiments made at 504^ C. may bo quoted in illus¬ 
tration :— 


Initial presaure 
of dimethyl ether. 

Pressure of 
hydrogen. 

fu- 

1 

1 


1 

150 

0 

f m 

16 0 

9 9 

36 46 

t » 

77 0 

154 1 

200 

11 5 

26 0 

62 36 

154 

300 

8 43 

22 36 


148 

400 

7 41 

21 20 

— 

160 

600 

7 65 

i 17 66 

36 30 

Oompare limiting values for high initial 
preuure of ether 

8 0 

17 23 

34 46 
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It may be mentioned that estimations of formaldehyde were made in experi¬ 
ments in which the decomposition took place in presence of hydrogen. The 
results were normal, showing that the reducing action of the hydrogen under 
these conditions is negligible. 

The influence of hydrogen accounts for the curious fact that the velocity con¬ 
stants are only independent of the initial pressure of the ether when this is 
above 400 mm., and yet remain constant throughout the course of a decomposi¬ 
tion. Hydrogen is one of the products of reaction; it will be seen from the 
table above that, for a low pressure of ether of 100 mm., the limiting rate of 
reaction is reached when the pressure of hydrogen is about 300 mm. The 
limiting rate is also reached with about 400 mm. of dimethyl ether. Thus 
dimethyl ether and hydrogen are about equally effective in keeping up the 
number of activating collisions. Since, moreover, one molecule of ether 
yields one of hydrogen in decomposing, the specific reaction rate cun remain 
nearly constant throughout the course of the reaction. In this way it is 
possible to explain the apparent paradox of imimolecular velocity constants 
which vary with the initial pressure. 

Infiumce of other Gases .—^Neither helium, nitrogen, carbon monoxide, carbon 
dioxide nor methane have an effect similar to that of hydrogen. 

Helium has no influence— 


T. 

Initial preasuro of 
dimethyl ether. 

Preasuro of 
helium. 


w 

^7#- 

"C 

504 

116 

200 

0 00 

16 52 

/ m 

30 5 

/ 0 

78 0 

504 

116 

0 

17 20 

38 30 

77 0 


Carbon monoxide has, if anything, a slight retarding effect— 



Preoaure of 

Preasore of 



Ts 

dimethyl 

oar bon 

<»• 

1 

in abaenoe of 


ether. 

monoxide. 

CO. 

•c 

504 

108 

308 

* " 1 

10 31 

t m 

17 flO 


Carbon dioxide also appears to have a slight retarding effect if present at 
considerable pcessuxes. 

Nitrogaa had little influence; in an experiment with 235 mm. of dimethyl 
ether and 400 mm. of nitrogen, where the total pressure iucreose was 46U mm. 
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out of the theoietical 470, tn waa 12' 46". The oarresponding value in the 
absence of nitrogen would liave been 11' 40".* 

The Tempemiure Coefficient and Heat of Actioation .—hbcperinients to deter* 
mine the temperature coefficient of the reaction velocity were made with 
pressures of dimethyl ether sufficiently high to ensure that the values found 
for the rate were the limiting values corresponding to the “ unimolecular ’’ 
ref^n. 

At least two experiments were made at each of six temperatures, and curves 
were plotted from which the average value of k and the value tu were found. 

The results are summarised below, k being express^ with the time in seoonds, 
and with natural logarithms. 


T (abB.). 

1 

k (average). 

k (calculated). 

A 1 

/ 


m 



825 

1 

1 

1 

13' 

13. 

y 73 

0*00431 

0-00430 

786 

4 

4 

17 

0 

^ 248 

0 00113 

1 

0 00112 

777 

8 

8 

28 

0 

^ 494 

0-000644 

0000467 

761 

j 

88 

88 

0 

26 

^ 2,293 

0 000127 

0-000126 

726 

164 

144 

0 

0 

y 8,940 

0 0000317 

0-0000311 

696 

11 

0 

0 

^ 61,420 

0*00000447 

0-00000631 


The value of E calculated from the Arrhenius equation is 68,000 calories 
from the values of frs, and 68,500 calories from the values of k, 
kemaiUM obtained from the equation 


Ink »= 30*36 


58,500 
RT * 


At 800° (abs.) the value of A is 0*00140 in the steady region, and it begins to 
fall at about 400 mm. At this temperature and pressure the number of mole- 


* The first expeiiiuento mode in the ptesenoe of nitrogen gave rather ouiiooa leenlts, 
thereaotionfBiliiigtoreaohitspropereiid'point. At first, it seemed as though some diflecent 
reactions were taking ^aoe, but analysis of the {woduots showed tiiat carbon monoxide, 
methane and hydrogen were p re s e nt in exactly the ncrmal proportions, and then was 
neither unohaaged ether, nor any MUd or oondeosable product. The nae of fresh aamplss 
of nitrogen, coolly freed from oxygen, and oaref ol numipulation mmoved the anomaly. 
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coles, N, wliich react per cubic centimetre in unit time is tberefore 6*8 x 10^*. 
Taking tiie molecular diameter as 6 X 10~‘ cm., the totd number of collisionB, 
Z, at 800° abs. is 1 *73 X 10^. Assuming that at 400 mm. the rate of activa¬ 
tion, calculated in the manner described in earlier pap^, is equal to the rate 
of reaction 


PET} ^ 58,500+ a»-l)RT y*" 


-P 


N=. 


V 


RT 


where n ia the number of energy terms among which the energy of activation 
is distributed. 

Introducing the values of N and Z 

a-fl-i){36.93 + (in - _ 6-8 X 10^^ _ . 3 ^ 

If n = 10, the left-hand side is 2140, while if w = 12 it is 7270. n may there¬ 
fore be taken as 11. 

The value of n found for diethyl ether is 8 and for propionic aldehyde about 

12 . 

Mr. Fowler considers it not impossible that under certain conditions all the 
energy of two colliding molecules may pass into one. He takes n, calculated as 
above, to be the sum of the energy terms of the two molecules in collision. 
Although we still feel that this is a very extreme assumption, something like 
it seems to be necessary to account for the rate of activation of nitrogen pent- 
oxide molecules; and a value of 11 for n is perhaps rather a large one for a single 
molecule of dimethyl ether. On the other hand the methyl group is disrupted, 
so that the vibrational degrees of freedom concerned in the attachment of the 
six hydrogens to their carbon atoms are probably all in play. Thus a value 
of n equal to 11 is by no means impossible. 

DiscuB9um of ^ Injlvmce of Inert Gases. —No complete explanation is 
available of the remarkable difiEerence between hydrogen and other gases. It 
has already been pointed out that hydrogen in all probability acts only by 
maintaining the Maxwell distribution among the molecules of dimethyl ether 
when this would otherwise begin to be disturbed. The ground for believing 
this is that hydrogen cannot do more than restore the rate of reaction to its 
normal limiting value. The rather surprising fact is that other gases do not 
have a similar effect. Hydrogen has a greater molecular velocity than any 
other gas, nearly four times greater than nitrogen. Thus there will be four 
times as many collisions, approximately, between ether and hydrogen as 

VOL, OXV.— A. <3 
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there would bo between ether and nitrogen at the same pressure. Helium^ 
which is the only gas with a molecular velocity approaching that of hydrogen, 
has only three degrees of freedom and therefore can communicate much less 
energy than the diatomic gases. Qualitatively, therefore, the unique position 
of hydrogen is understandable, but quantitatively the differences seem greater 
than can be accounted for in this way. The advantage that hydrogen possesses, 
in virtue of its great velocity over all gases except helium, and over helium in 
virtue of its five degrees of freedom, seems to be reinforced by some specific 
factor. It is as though, for example, molecules of ether could store up energy 
from successive hydrogen collisions, in a way which is not possible with nitrogen 
and the other gases. 

Summary ,—The decomposition of dimethyl ether takes place according to 
the equation CH 3 .0. CH 3 —► CH 4 + HCHO —► CH 4 + CO + Hg, the forma¬ 
tion of formaldehyde being but transitory. 

The reaction is empirically unimolccular at pressures above 300-400 mm., 
but at lower pressiues ceases to be independent of the initial pressure. In 
the presence of sufficient hydrogen the reaction maintains its unimolecular 
character at all pressures. The hydrogen seems to act only by preserving the 
Maxwell distribution among the molecules of the dimethyl ether when this 
would otherwise be disturbed by the chemical transformation of activated 
molecules; for it cannot do more than restore the rate of reaction to its normal 
limiting value, and cannot increase it beyond this. Nitrogen, helium, carbon 
dioxide and carbon monoxide do not have a similar influence. 

The limiting rate of reaction is expressed by the equation 

* = 30-36 - 

BT 

To account for the observed rate of reaction, the energy of activation must 
be supposed to be distributed between about 11 energy terms. 
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An Experimental Test of the Dipole Theory of Adsorption. 

By W. G. Palubb, Fellow of St. Jobn’s College, Cambridge. 

(Communicated by Sir William Poiie, F.R.S.—Beceired March 9, 1927.) 

In previous oommunications'" an account was given of the results obtained 
when the phenomenon of electric coherence is applied to the investigation of 
adsorption on plane metallic surfaces. The nett heat of desorption per unit 
area of surface is given by 

Q. = [E* (K - l)ld] X 0-63 X 10-» calories, (1) 

where E is the critical or cohering voltage, K is the specific inductive capacity 
of the film, and 2d is its thickness. For a film completely covering the surface 
the molecular heat of desorption is ^ 

Q„ = [AE»(K - l)/(q X 10-0. (2) 

A being the area occupied on the surface by one molecule; in the above ezpces- 
sions the unit of d is 10~^ cm., and of A, 10~^* cm. The total heat liberated on 
adsorption of 1 gram-mol. is Q„ + L, where L is approximately the latent heat 
of evaporation per gram-mol. In short, Q gives a direct measure of the maxi¬ 
mum adsorption potential, as this is defined by Folanyi and by Lorenz and 
Iiand6.t 

The method formerly described has now been adapted without essential 
modification to the study of adsorption from liquids, in which the cohering 
junction is completely immersed. Owing to the appreciable conductivity of 
liquids other than hydrocarbons, the condenser formerly used as a means of 
applying electric tension to the junction has in the present work been replaced 
by direct connection to the potentiometer throiigh 10,000 ohms resistance. A 
comparison of the two arrangements with hydrocarbons and the practically 
non-conducting higher alcohols showed that both methods gave identical 
results. 

A diagram of the coherer adapted for liquids is shown in the figure. The mods 
of introducing liquid is as follows : the tap is opened, while is kept closed, 
and liqiud is drawn into A by a pump attached at a. The pump is disconnected, 
and opened, when liquid passes from A through the capillary into the coherer 
0. The capillary tube reduces the rate of flow into C so that the filaments are 

* * Boy. Boo. Froo.,’ A voL 106, p. 86 (1084): vol. 110, p. 1S4 (1086). 

t Lorenz and Laad4, ‘ Z. f. anorg. Chem.,’ vM 186, p. 48 (1988). 

Q2 
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not deranged. The latter ate biought into meehanioal contact by turning in 
ground glass joints as in the previous experiments. Throughout the present 

work platinum filaments were used; these 
were cleaned by ignition in an alcohol 
flame before experiments on a series of 
liquids were undertaken, but were not 
subsequently withdrawn from the coherer 
until the results for the whole series were 
completed, thus ensuring that the surface 
has substantially the same condition 
throughout. All the experiments in the 
present work were carried out at 18 to 
20 “ C. 

Primary Akohoit. 

Methyl alcohol was obtained £com the 
commercially pure liquid by conversion 
into oxalate, which was hydrolysed after 
recrystallisation and the product rectified. 
The other alcohols were obtained from the 
commercial pure material by fractionation 
to within 0*2“ C. All the samples were 
dried by digestion with fresh lime 
immediately before they were to be used. 

The values tabulated under I represent (in units of the diameter of the carbon 
atom) the effective length of the alcohol chain, the length of the group 
—CH(OH being taken as twice the diameter of the carbon atom, since the 
diameter of the o^gen atom is nearly equal to that of carbon. The values of 
the critical voltage £ are, if necessary, corrected for conductivity; this was 
appreciable only with methyl alcohol and formic acid, but all traces of con¬ 
ductivity even in these cases disappeared when the liquid was lowered away from 
the filaments, although these were separated by the film only; the conductivity 
does not, therefore, take place throu^ the film but between the other parts of 
the filaments and particularly the relatively large leads. 
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Table I. 


Aloohol, 

Critical roltage. 

i 

L 


Ifothyl. 

Bthyl . 

3*0 

3*7 

3 

4-6 , 

466 

Nonul prop^ . . . . 

Normal butyl . 

4-25 

4 

4-5 

4*7 

6 

4-4 

lao-butyl . 

3-8 

(4-6) 

(3-2) 


The FaUy Adds. 

The samples of formic and acetic acids melted at 7'4° C. and 15-8° respec¬ 
tively. Ftopionic acid was prepared by the hydrolysis of the pure nitrile, and 
bnlyrio acid by the usual malonate synthesis. Heptoic acid was obtained by 
the oxidation of pore cenanthol. In the table under I the length of the group 
—OOOH is taken as equal to that of —CH|OH. 


Table II. 


Acid. 1 

Critical voltage. 


E>/I. 

Formio .. . ^ 

2-6 

2 

3-4 

Acetic 

3« 

3 

4-3 

Propiooic 

40 

4 

4-0 

Butyric 

4-5 

6 

4-0 

Heptoio 

6-6 

8 

6-25 


Ethyl Esters of the Fatty Adds. 

These were obtained by e8terif3rii^ the pure acids. The length of the group 
-COOC1H5 is taken as four times that of the oarbon atom. 


Table III. 


Kater. 

Critical voltage. | 

1 

E»/l. 

Formio 

6*2 

4 

7-0 

Aoetio. 

6'26 

6 

7-8 

Butyric. 

6-75 

7 

8-6 

Heptoio . 

8-76 

10 

7-8 


The values of the voltage for these esters could only be obtained to an 
accuracy of about 0*3 volt, owing {oobably to the great difficulty in preserving 
an ester free from traces of acid in glass vessels. The values recorded above 
are the means of several observations. 
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Hydrocarbons. 

(o) A senes of paxafiBn fractions were prepared from petrols of vaxTing boiling 
points. Their apiorozimate compositions were found from their boiling range 
and the specifio gravity. 

Boiling point. Composition by volume. 

C't fraction 40-60‘* n-Pentane and cyclopentane in equal amounts. 

C« fraction 67-77° Methyl cyclopentane 26 per cent. 

Cyclohexane 26 per cent. 
n-Hezane 60 per cent. 

C? fraction 100-116° Methyl cyclohexane and »-heptane in equal 

amounts. 

(6) Samples of cyclohexane and cyclohexene from Messrs. Poulenc were 
found to be pure. Benzene was freed from sulphur compounds by heating with 
aluminium chloride, and then further purified by freezing. In the case of the 
Cs fraction above, it was possible to compare the voltage in the saturated vapour 
with that in the liquid, since the vapour pressure at 20° C. was 461 mm., and it 
was easy to arrange that this pressure caused such a depression in the level of 
the liquid in the bulb of the coherer that the filaments were exposed to vapour 
only. The following results were obtained:— 

Cf (pentane) fraction— 

Voltage. 


Filaments in liquid. 0<3 

Liquid lowered; filaments in vapour . 0'3 

liquid again raised. 0*4 

After 24 hours in liquid. 0*4 


It is thus clear that the adsorbed film has the same properties whether it be 
produced from the saturated vapour or from contact with actual liquid. The 
results of this experiment confirm the statement {vide supra) that the electrical 
method measures the nett heat of adsorption. 

The voltage for the parafBn fractions increases somewhat with time of con* 
tact, indicating probably an increase on the surface of the amount of the cyclic 
constituent.* 


' Boy. Soo. Pmo,,’ A, T<d. 110, p. 134 (1020). 
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Table IV, 


Hydrocarbon. 

1 Critical yoltage. 

G, fraction 

0*4 

C« fraction . 

0*6 

After three hours 

0*9 ((/. cyclohexane below). 

Cy fraction 

0*9 

After one hour . 

1*1 

Cydohexane 

0*8 

O^olohexeue 

2*6 

Benzene 

0*9 


The voltages of the last three pure liquids were unaffected by time of contact. 

The Mechanism of Adsorption. 

Debye* and others have shown that many quantities expressing the physical 
inter-relations of molecules can be successfully explained and calculated on the 
assumption that molecular attraction is caused by the interlocking of electrically 
polar structures, and it seems rec^onable to seek the origin of adsorptive forces 
in the same direction. Lorenz and Land^t have already discussed adsorption 
upon a plane metallic surface from this standpoint, and have overcome the 
objections raised by Folanyi.j; They assume that a molecule is attracted to 
and subsequently held on the surface by the electrical image of its dipole in 
the surface; and they arrive at the following conclusions (for a substance with a 
single dipole)— 

(а) the adsorption layer is not more than one molecule in thickness; 

(б) the nett heat of adsorption is given by 

== RMV4a?Jfc . (3) 

where R is the gas constant, M the electric moment of the adsorbed molecule, 
X the distance of the centre of the dipole axis from the surface and k is Boltz¬ 
mann’s constant. This expression for Q has a much wider range of validity 
than Lorenz and Land6 suggest. An inspection of the series from which it is 
derived shows that it holds with almost no loss of exactness up to x = Z, I being 
the length of the dipole axis; it will be rare for the dipole in a molecule to 
approach the adsorbing surface so close os this limit implies. 


* ‘ Phys. 2./ vol. 21, p. 180 (1020). 
t Zoc. ctl. supra. 

t ‘ 2. f. Eleiktroohemie,* vol. 26, p. 370. 
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Using a known relation between the specific inductive capacity and the 
mommtM,* we find for a polar phase to which Maxwell’s law applies 

K - 1 » [0-88M*/T] . D//D^ X 10** (4) 

where T is the temperature, D/ is the density of the molecules in the phase 
considered, and is the density in the vapour supposed at 0° C. and 760 mm. 

In the alcohols, acids and esters, respectively, the principal doublet is un¬ 
doubtedly in the groups CHgOH, COOH and COOC|Hs, and therefore the 
adsorbed molecules will, in our view, be attached to the surface by these groups. 
We shall have, in fact, the same sort of orientation in the adsorbed film as that 
found by Langmuir, Adam and others on the surface of water. Hence in the 
above expression for K, remains unchanged within a homologous series. 
For the same reason, x in (3) above also is constant in a homologous series. 
Hence the dipole theory predicts that in a given series the heat of desorption 
Qm will be simply proportional to the moipent of the adsorbed molecules, and 
this by (4) is itself proportional to E — 1 for a fixed temperature. We therefore 
expect to find Q,„ = f; (K — 1), where k will vary with the series. 

The third column in the tables above shows that E*/l is closely constant for 
the alcohols, and very fairly so for the other two series. Referring to (2), and 
noticing that 1 must be proportional to the thickness d, this prediction is seen 
to be very closely confirmed. 

Since both the expression (3) and the relation (4) depend on the applicability 
of Maxwell’s distribution law to the substance concerned, we must conclude 
that orientation implies only attachment to the surface by one group, and not 
a permanent alignment of the adsorbed molecules. Apart from the improba¬ 
bility of the existence of completely oriented or '* solid ” films of alcohol at 
room temperature, a confirmation of the type of film can be obtained in another 
way. If the molecules in the film are all arranged as they would be in solid 
alcohol, then in calculating the heat of desorption ficom (2) we must talm K as 
tiie value for the solid, and this differs but little from the square of the refractive 
index of the liquid. Putting K = 2*5, taking A = 21*7 and d = 1*3 {,t we 
find for a solid alcohol film Qm = 1900 calories. On the other hand, if the film 
is liquid, as is suggested above, then E is obtained from the known values of 
M.t This gives 7000 calories. Now Qg, cannot be very difEsrent in 

magnitude from the heat of association of the liquid concerned. Unfortunately 
the heat of association does not appear to have been found for alcohol, but since 

* J. J. Thomson, * PhiL Msg.,’ vd. 27, p. 768 (1914). 
t Adam, ‘ Boy. Soo. Pn>o.,’ A, vd. 101, p. 468 (1022). 
t Smyth,' J. Amor. Chsm. Soo.,' vd. 46, p. 2156; voL 47, p. 1894. 



233 


Dipole Theory of Adsorption. 

the degree of assooiation of water and ethyl alcohol are nearly the same at the 
same temperature, we may assume that the heats of association are of the same 
order; for water the heat is 9640 calories,* and this is much nearer to the 
second than to the first value of Q above. 

From the equation Q„ = RM*/4a?A = 7000 we obtain * = 1 -3 x 10“* cm., 
thus confirming the view that the molecule is attached to the surface by the 
polar group. 

It appears from the work of Smjrthf that the values of M are nearly constant 
for the same homologous series; in the alcohols 1-9-2*0, fatty acids 1*3, and 
ethyl esters 1*6, but only for the alcohols is the value well-established. It may 
therefore be inferred that the heat of desorption from a platinum surface of 
all the primary alcohols is approximately 7000 calories; for the acids and esters 
the value is probably somewhat less. Gaudechont found almost constant 
values for the heat of wetting of both clay and silica by the primary alcohols 
and fatty acids respectively; his method allows only the heat per gram of 
adsorbent to be calculated. 

It will be noticed that in Table I isobtrtyl alcohol shows an apparent marked 
divergence from the rule E*/l = 4*6. This alcohol has the formula (CHslgCH . 
CH)|OH and therefore contains a branched chain. The molecule will have a 
greater cross-section than the simple normal chain alcohols and at the same time 
less length. If we take the latter as intamediate between those of n-propyl 
and n*butyl alcohols, namely as 4*6 units, we find £*/l = 3*2. As there is no 
reason to suppose that Q. in this case differs from 7000 calories, we must have 
= 4*6/3*2 (see equation (2)). Thus the branched chain 
occupies about 1 *4 times the area taken on the surface by a normal chain, and 
this is in harmony with a simple tetrahedral model of the branched chain. 

The Mechanism of Adsorjiim of Non-polar Moleculei. 

The dipole theory seems to account so well for the experimental facts in the 
case of the permanently polar sulntances used in the work described above, 
that it may be worth while to generalise it. We may assume that molecules 
which give rise to normal, non-associated liquids, and have therefore weak 
external fields, will not be capable of adsorption in their normal state, at least 
on metaUic surfaces. However, if two (practically) non-polar molecules undergo 
thermal collision of sufficient violence, moments of considetable magnitude may 

* W. E. S. Turner,' Mdeoukur Assooiation,’ p. 17. 

t Loe. eit. 

t * Oomptes Rsndus,’ vol. 1S7. p. 209. 
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be produced but will normally exist only for a very short time. If such an 
activating ” collision occurred near a metallic surface, the existence of the 
temporary dipole would be prolonged by the immediate attraction of the electric 
image in the surface ; and the activated molecule may as a result be held on the 
surface, but only while it remains activated. It will be noticed that the energy 
of activation is the whole energy associated with the temporary doublet, while 
the energy of adsorption represents the energy liberated by the extinction of 
only that part of the molecular field that is external to the molecule. In general 
therefore there will be no quantitative relation between the energy of activation 
of the adsorbed molecule and the heat developed on adsorption, except that the 
latter will be the smaller quantity. The many recent unsuccessful attempts 
to correlate heat of adsorption with heat of activation in connection with 
surface catalysis only serve to emphasise this conclusion. Without goin^ deeply 
at the present juncture into the bearing of the above suggestions on the problem 
of surface catalysis, it may bo remarked that the existence of catalytic activity 
proves that some at least of the adsorbed molecules are highly activated, and it 
has never been easy to reconcile a positive heat of adsorption, sometimes of 
considerable magnitude, with the endothermic process of activation; in fact it 
might bo expected, in the absence of any special theory, that an adsorbed mole¬ 
cule would be more and not less stable than a free molecule. 

It may be objected that the theory demands that the amount of adsorbed 
substance should be directly proportional to the external pressure, whereas it 
is known to vary in general more slowly. It is true that the rate of formation 
of the film would be proportional to the pressure, but if, as it is reasonable to 
suppose, evaporation is a consequence of collision with molecules from outside 
the layer, then the rate of evaporation will also be proportional to the pressure, 
and the amount in the film may actually vary only slowly with change of 
pressure. 


Adsorj^ion of Hydrocarbons on Platinum {Table IV). 

If E be plotted against the number of carbon atoms in the hydrocarbon chain, 
it is found that the cohering voltage will be nearly zero tor a 4-carbon chain. 
It may hence be inferred that pentane is the lowest hydrocarbon of the series 
that can produce an adsorption film on platinum. As has been explained above, 
it appears that in these cases of non-polar bodies we are concerned with the 
possibility of the production of temporary polar molecules before adsorption 
can occur. It will be in accordance with the general conception of a paraffin 
chain to suppose that any energy acquired by collision is shared equally by 
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all the carbon atoms in the chain. At tiie same time the number of degrees of 
freedom in the whole molecule increases (possibly linearly) with the number of 
carbon atoms, and therefore in accordance with the views of Lindemami and 
ICnshelwood and others,* the energy that can be acquired in similar collisions 
by an n-C hydrocarbon is greater than that acquired by an (n — 1) C hydro* 
carbon. Hence we may suppose that in each carbon atom in a parafBn chain 
there may be created in the same conditions approximately equal moments. 
The experiments show that at least five of these moments are necessary to 
hold the chain in attachment to the surface in opposition to the thermal move* 
raents. 


It will follow, since a hydrocarbon is an elongated structure of some rigidity, 
that hydrocarbons will be adsorbed with the length of the chain parallel to the 
surface; and ring hydrocarbons such as the cycIo*parafiGinB with the plane of 
the ring parallel to the surface. It is of interest to notice that benzene and cjrclo* 
hexane behave so similarly; the unsaturated (ethylenic) oyolo*hexene, however, 
has a much greater cohering voltage, and approaches the values for permanently 
polar substances. At the same time in view of its physical properties there 
can be no doubt that this hydrocarbon is only very weakly polar at most. It 
will only bo stating the chemical properties of ethylenic compounds in another 
way to say that in such substances energy of activation can remain localised 
in the ethylenic bond. We may therefore foresee that cyclo*hexene can remain 
adsorbed even when only the ethylenic bond is in contact with the surface, and 
the ring is, so to speak, on edge. There will hence be two points of difference 
between the films of oyclo*hexene and of cyclo-hexane, (a) the film of the former 
will contain more molecules in unit area, and (6) it will be thicker in the ratio 

CTM^ction of the nng ^ These considerations account for the high voltage 
thickness of the ring 


of cydlo-hexene. 

It is well known that when benzene is catalytically hydrogenated on the 
surface of nickel, only the completely reduced hexahydrobenzene is produced, 
unaccompanied by any intermediate products; nor are any intermediate pro¬ 
ducts obtained when cjmlo-hezane is dehydrogenated by the action of platinum 
or palladium. It is very difiBicult to explain these observations if the hydro¬ 
carbons could be attached to the surface by an edge alone, but it is an obvious 
consequence of attachment by all the atoms in the ring. 


* Hiaahelwo^' Boy. Soo. FToo.,’ A, vol. 118, p. 280 (1026). 
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(1) The electric coherer functions normally when the loose contact is 
immersed in liquids. 

(2) The cohering voltage increases regularly in the homologous series of primary 
alcohols, fatty acids, and their ethyl esters according to the rule E*/l = con* 
atant, where 1 is the length of the chain. 

(3) This experimental result is shown to indicate that the energy of desorption 
in a given series is proportional to the square of the electric moment of 
the adsorbed molecule, and it thus strongly supports the dipole theory of 
adsorption. 

(4) An attempt is made to extend the theory to include the adsorption of 
substances such as hydrocarbons that are not normally more than very weakly 
polar. 


The lliemial and Electrical Conductivity of a Single Gi^stcd 

of Aluminium, 

By Ezbr Orifhths, D.Sc., P.R.S,, Physics Department, National 
Physical Laboratory. 

(Received March 3, 1927.) 

The recent work of Carpenter and Elam on the growth of single crystals 
of large dimensions has rendered possible the study of the physical constants 
of single crystals of the commoner metals, and the present oommunication 
describes the determination of the thermal and electrical conductivity of 
aluminium in the form of an isolated crystal.* 

The form of the crystal investigated is shown in fig. 1. This crystal had been 
prepared at the National Physical Laboratory employing the technique 

P^sihori of I'tiermoclernen^y 


Scale 

Flo, 1.-Single Crystal of Aluminium. 

* Mr. Qough, Fh.D., of the Engineering Department, kindly supplied the Ofjrstai* 
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deioribed by Carpenter in “ Nature,” p. 266, August 21, 1926, which briefly 
is as follows 

The test specimen is machined and subjected to three treatments, thermal, 
mechanical, and thermal. The first treatment is necessary to soften the metal 
completely and produce new equiaxed crystals of so far as possible uniform size, 
the average diameter being 1 /ISO inch. The second consists in straining these 
crystals to the required amount, and the third in heating the strained crystals 
to the requisite temperature, so that the potentiality of growth conferred by 
strain could be brought fully into operation. 

X-ray analysis* of the specimens by the rotating crystal method showed it to 
be a single crystal with a face-centred cubic structure. The axis of the specimen 
made angles of 114®-3, 80°*7, and 25°-6, with the three co-ordinate axes. 


Thermal ConiducLivity. 

The method of experiment was one in which a longitudinal heat flow was set 
up in a cylindrical bar and heat loss from the sides was prevented by the use 
of a guard ring, which in this case took the form of a coaxial shield along which 
the same gradient of temperature was maintained. This device greatly simplifies 
the experiment, for all that is required to obtain the conductivity is the rate of 
heat flow and the temperatures at two points in the bar a known distance apart. 

The study of a single crystal by this method presents several difficulties which 
are not encountered when studying a bar of cast or rolled material. The crystal 
is so sensitive to any machining or drilling that the usual method of attaching 
thermocouples by pegging the wires into small holes is not permissible, for the 
effect of drilling such holes might possibly cause the single crystal to break up. 

In these experiments copper constantan thermocouples were used, 0*3 ram. 
in diameter, which were held in close contact with the surface of the aluminium 
crystal by spring clips of the form shown in fig. 2. 


Cross Sechon 
/ Crqsral 



Consranrciii 


r "V 

St«cl Spnn^ dunchon of Tltermoelemcnlr 
Fio. 2.—^Method of attaching Thermo-elements. 


* My thanks aire due to Mr. W. Sinks, M.So., of the Physios Department, for kindly making 
this analysis. 
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The amount of heat flowing to the cold end of the ciystal was detennined by 
a flow calorimeter. This was in the form of a copper spiral attached by Woods’ 
metal to the crystal. (See fig. 3.) Water was supplied from a constant head 



Fia, 3. 

tank, and the temperature rise of the water was measured by a differential 
thermo-element consisting of six junctions in series made of 0-2 inm. diameter 
copper constantan wire. The hot end of the bar was maintained at a steady 
temperature by a heating coil wound directly on it and insulated with mica. 
The coaxial tube constituting the “ guard ring ” was provided with heating 
and cooling circuits in the same diametral planes as the corresponding ones 
on the aluminium crystal. 

The gradient in temperature along the coaxial tube was adjusted to equalily 
with that along the crystal by the aid of two thermocouples attached to the 
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aurface of the tube in positions corresponding to the two thermocouples on the 
aluminium crystal. The space between the aluminium crystal and the guard- 
ring ” was filled with sil-o-ccl, a very light powder of thermal conductivity 
0*0(X)2 c.g.s. units, approximately. The exterior surface of the tube was 
lagged with magnesia asbestos. 

The apparatus employed in these tests was specially constructed, since it was 
necessary to use the crystal as grown from the machined bar. The cross- 
sectional area of the cylindrical portion of the crystal was 1-5G sq. cms. 
Experience has shown that it is desirable to work with bars of at least three 
times this cross-scctional area when making thermal conductivity measurements. 
It was therefore a matter of interest to determine how the absolute values of 
the conductivity obtained with this new apparatus compared with those given 
by the standard ty}>e of conductivity apparatus. For this purpose an extruded 
bar of aluminium (purity 99-7 per cent. Al) was taken and tested in the standard 
apparatus. The dimensions of the specimen were 2*54 erns. in diameter by 
38 cms. in length. A piece of the same lot of material was machined down to 
the same dimensions as the crystal and tested in the apparatus designed for the 
tests on the crystal. 

The results of the tests in the two forms of apparatus agreed within the 
limits of the possible error of experiment, being respectivc'ly 0*548 and O'Sfio 
c.g.s. 

For the crystal of aluminium the results given in Table I were obtained and 
these are shown graphically in fig. 4. 


Table I.—^Aluminium Crystal. 
(Purity 99*6 per cent. Al.) 


Temporaturcfl. 

Mcnn. 

Valiw of K. 

Hut end. 

Cold end. 

“C. 




08'1 

64*6 

76*4 

0-56j 

167-0 

87*7 

127*4 

0*55g 

215*2 

n2'6 

1630 

0*56, 

00 0* 

54*5 

76*8 

0 55, 


• Repeat. 

A chemical analysis of the material indicated that the crystal was 99*6 per 
«ent. Al, 0*2 per cent. Si, 0*2 per cent. Fa. 
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It will be observed that the thermal oooductivity of the single crystal is 
practicallj identical with that of the extruded bar of aluminium. In this 
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connexion it h interesting to note that Kaye and Roberta found that the 
" mean conductivity of a bismuth crystal agreed with the value given by 
Jaeger and Diesselhorst for a rod of cast bismuth. 

Another noteworthy fact is the high value of the conductivity. Jaeger and 
Diesselhorst in 1900 gave the value of 0*48 for aluminium. Lees in 1908 the 
value 0*504 for 99 per cent, purity aluminium. The writer in 1917 obtained 
the value 0*51 for 99*5 per cent, aluminium, so the value 0*55 for 99*7 per cent, 
aluminium is consistent with the view that each step in the development of 
the metallurgy of aluminium resulting in a purer product gives a metal of higher 
thermal conductivity. 

It is significant, but too much weight must not be given to it, that the 
present tests show that the temperature coefficient of thermal conductivity of 
the crystal has a slight positive value. Now most alloys are characterised 
by a relatively large positive temperature coefficient of thermal conductivity, 
whilst 99*9 per cent, pure copper and 99*8 per cent, pure zinc have a slight 
negative temperature coefficient. 

Electrical Conductivity. 

The electrical conductivity of the crystal was determined by the following 
procedure:— 

The crystal was laid on two brass knife edges which were connected to a 
potentiometer. Two caps were made to fit loosely over the ends of the crystal 
and the surrounding space filled with fusible metal. Heavy flexible leads were 
attached to the caps by means of which the crystal was connected in series with 
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a standard resistance of 0-001 ohm and a battery. When currents of 10 and 
20 amperes respectively were passed through the cri^stal and resistance the 
potential drop across each was measured on the potentiometer. The observa¬ 
tions were repeated with the current and potentiometer reversed. 

The value obtained for the specific resistivity of the crystal was 2-89 x 10“® 
ohms per cm. cube at 18® C. 


Lorenz's Constant, 

Many investigators have determined the Lorenz constant K/XT, where 

K is the thermal conductivity, 

X ,, electrical conductivity, 

T ,, absolute temperature, 

for cast or rolled pure metals, and found that it is a})proximate]y constant; 
the difficulties attendant on the measurement of the thermal conductivity 
probably accounts for some of the divergencies between the values obtained 
by various investigators. 

For this crystal the value is 5-4^ x 10””, which falls within the range of 
published values 5*3 to 6-0. 

The author desires to record his thanks to Mr. A. R. Challoner, Observer in 
the Physics Department, for his skill both in connection with the construction 
of the apparatus and with the observations. 
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Oil Certain Average Characteristks of World Wide Magnetic 

Disturbance. 

By S, Chapman, M.A., D.Sc., F.R.S. 

(llorcived May 19, 1927.) 

1. This paper forms a sequel to one outitlod '‘An Outline of a Theory of 
Magnetic Storms,” puWislied several years ago.* In that paper I determined 
the average additional v^ariatioas in the three eonip)nentH of the eartVs magnetic 
field (for observatories in magnc'tic latitudesf up to about 60® N.) whicli during 
times of considerable magnetic disturbance -commonly called magnetic storms 
—arc suix»r}K}se<l on i1m» normal variations. The storms dealt with were such 
as had a (ommencement sufficiently definite for its e])Oc*h tf) be estimated to 
within an hour. 

The average additional variations of the field were shown to be separable 
into two parts, one depending on ‘'storm-time '* (that is, time reckoned from 
the coninumcement of the storm), and the otlier being a “diurnal ” variation 
dejicrifljiig on local time. Besides thc.se average variations tlicre an*, of course, 
leas regular featurtw peculiar to each individual storm. 

The local-time or diurnal additional variations were shown to be quite 
different from the diumal variations observed on quiet days. The average 
<liumal variations during days of magnetic storm consist of the sum of these 
two diurnal variations, 

2. The first object of this jiaper is to indicate the differences bed-wcun the 
magnetic variations on magnetically ordinary and <}uiet days respectively. 
The magnetograph curves are less smooth and regular on ordinary than on 
specially quiet days, and the irregularities thus occurring on ordinary days 
constitute a moderate degree of magnetic “disturbance,” much inferior to 
that which qualifies a day to be called on<‘ of magnetic storm. It is important 
to ascertain whetlier tliis slight magnetic disturbance differs from intense 
ilisturbance not only in degree but also in type. Mere insjiection of magneto- 
graph curves docs not suffice to decide this question, which must be examined 
statistically, as in the determination o{ the average features of magnetic storms. 

* * Roy. Sue. Proc./ A, vol. 05, p. 61 (1918). An interesting paper partly bearing on the 
same question has rooently been published by Dr. G. Angonheister, ‘ Gottingen Nach- 
richto), Math-Phys. KL' (1024). 

t Throughout this paper the latitudes considered will be magnetic latitudes (measured 
from the pole of the axis of the earth's magnetization) unless geographical latitude is 
expressly indicated. 
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It may be said at once that the evidence, over the region (up to 60® magnetic 
latitude) for which my former paper affords material for comparison, indicates 
close similarity in average tyi)e between minor and intense magnetic dis¬ 
turbance. 

Disturbance in Middle ami Lower Latitudes, 

3. The simplest basis of comparison is provided by the local-time diurnal 
variations, illustrated in figs. 1 to 3. These figures refer respectively to the 
variations in the three components of magnetic force, horizontal (along the 
magnetic meridian), vertical (downwards), and horizontal (at right angles to 
the magnetic meridian, as given by the variations in weM declination, measured 
in force units). In each case the curves illustrate the mean diurnal variation 
(determined in three different ways, as explained below) for the mean of one or 
more whole years ; the curves for the .se£)arate seasons would show differences 
from these annual mean curves, but such differences will not be considered in 
this paper. The scale of time and force is the same in all the throe figures, 
and is indicated upon them ; the force is reckoned in terms of ly as unit, ly 
being 10^’* e.m. unit of magnetic force. 

In each figure there are throe vertical sectioas, m which the individual 
curves are marked res]H*ctively a, 6 or r. The curves a show the whole average 
diiinial variation (for the magnetic element concerned) on quiet (lays, that is, 
on the five quiet days ])er month selected internationally. The curves b sliow 
the diurnal variations, additiimal to those in section a, which are olwerved on 
days of magnetic storm ; these curves are taken from figs. 3 to 6 of my former 
paper, and refer to a group of 40 moderate magnetic storms. The curves c 
show the diurnal variations, likewise additional to those in section a, observed 
on ordinary or average (j.c., the mean of all) days ; these curveii thus repre¬ 
sent the hourly differences between the average diurnal variations on all da 3 rB 
and on quiet days. 

In each section a, 6, c of each figure, five curves are shown ; these refer to 
different magnetic latitudes (the northernmost being at the top), as follows 

(1) Sitka, magnetic latitude 61® ; 

(2) Pavlovsk, magnetic latitude 58*'': 

(3) Pola, Potsdam, Greenwich—mean magnetic latitude 51°; 

(4) Zikawei, San Fernando, Cheltenham, Baldwin—40° ; 

(5) Batavia, Porto Rico, Honolulu—22®. 

The curves (3)-(5) in section c have been determined respectively from Greenwich, 
Cheltenham, and Honolulu only, in order to save labour. 
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The curves b and e represent the average diurnal effect of {b) moderately 
strong and (c) relatively weak magnetic disturbance respectively, superposed 



0 4 8 12 16 18 24 0 4 8 12 16 18 24 0 4 8 12 16 18 24 A 

Fio. 1. 

on the permanent diurnal variation a, which on quiet days appears alone. In 
spite of various minor irregularities, many of which would disappear if averages 
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over a larger amount of material had been taken» the 15 independent curves 
b show a considerable degree of similarity with the corresponding 15 curves d, 



0 4 8 12 16 18 ?4 0 4 8 12 16 18 24 0 4 8 12 16 18 24 i/. 

Fio. 2. 

while the curves h and c are, obviously, quite different from the curves a.* 
For example, in fig. I there is a reversal of type in section a in a low latitude 
* The onrve la in fig. 2 is the only exception : this is referred to later in § 8. 
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(about 30°, between carves 4 and 0), while in sections b and c, though there 
is also a reversal of type, it occurs in a much higher latitude (about 56°, 



between carves 2 and 3); moreover, in section a the extreme departures from^ 
the mean occur in the middle of the day, at about the time when curves h 
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and c pass through the zero line. Tlie latter euntra.st i8 shown also by lig. 2, 
though the two figures (liflFcr greatly in other respects. In fig. 3 tlie curves a 
j>ass through zero at about niitlday, while the curves b and c pass through 
zero at about (5 h. and 18 h. 

Thesii three figures suuiinarize a considerable mass of evidenct*, and one 
that could be easily extended, as, for example, by taking more stations, by 
separately considering years of sunsinit maximum and sunspot miniiniun, and 
by considering the seasons separately. Some* of tliese extensions have, in fact, 
been made, but the detaile<l results need not be given here. The evidence, 
as in figs. 1 to 3, points definitely to the eunelusion that the average additional 
magnetic variations during magnetic ilisturbance, which are superposed on the 
quiet-day variations. <U) not differ much in /y/ic, as the intensity vanes over a 
wide range. 

4. The above evidence relates to one pait only of the addititnial magnetic 
field jiresent during disturbance. The other part is that which dejjends on 
storm-time, and repn^sents the effect of the disturbance, at successive times after 
tlie commencement, averaged round eaeli jiarallcl of latitude. The storm¬ 
time ])art is spt'cially strong and definite in the horizontal force {rf, fig. 1 of 
rny former paper). If the conclusion stated in §3 is correct, similar but 
smaller elianges shouhl aceoinjiany minor disturbance. Unfortunately this 
cannot be tested in th(^ sanu! (letaileil way as for the local-tinu* variations 
considered in §3. The <liHiculty lies in the determination of storm-time, 
reckoned from the biiginning of the disturbance. This is often easy in the 
case of magnetic storms, because they are well-marke<l individual phenomena ; 
but it IS usually hard to <iistinguish whether a jirolonged ])criod of minor 
disturbance is made up of one or many individual disturbances. 

It is possible, however, to apply a jiartial lest to the above conclusion, having 
reference to the storm-time elianges. Tlie local-time changes considered in 
§ 3 are measured from the daily mean value of the magnetic element as origin, 
and are indiqMiudent of the absolute value, of this mean. The sfcirm-time 
changes, on the other hand, directly affect tlie daily mean value, and the way 
in which they will do so on ordinary days, if they are then of the same type as 
in magnetic storms, can be iufem'd on the reasonable assumjition that, when 
a large number of mom or less disturbed flays am considered, each hour of tJie 
day will experience approximately the same average storm-time effect. For 
example, during the first few hours of a niagnefic storm the horizontal force is 
generally increased (taking the average rmiiid a parallel of latitude), but subse¬ 
quently it experiences a much larger and more prolonged decrease, which dies 
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away slowly ; thus, the average storm-time effect on the horizontal force should 
be a decrease in the daily mean during disturbance. The magnitude of the 
decrease should have a maximum at the equator {cf, fig, 1 of my former jiaper), 
and should diminish with increasing latitude to about half the equatorial value, 
at about 50° latitude. 

The vertical force storm-time changes are much smaller, and opj»osite in 
sign, but otherwise follow a similar course. The averaged effect on the daily 
mean value of the dow'nward vertical force should be a very alight increase, 
in iTKKlerate northern latitudes : the effect should vanish at the equator and 
be reversed (like the whole vertical force) in the southern hemisphere. 

The west declination shows no appreciable storm-time changes in lower and 
middle latitudes, and therefore the daily mean value of the declination should 
not be affected by disturbance. 

These (‘xpectations, based on the conclusion of § 3 that the average charac¬ 
teristics of slight and intense disturbance are similar in type, are well borne 
out by observation, as the following table shows. It gives the differences 
obtained by subtracting the daily mean values of the three magnetic elements, 
for qtnet days, from the corresponding daily means for dll days. The stations 
are those already considered in §3 (their magnetic latitudes are indicated in 
brackets): the results arc expressed in terms of the unit ly. 


(1) Sitka (on .. 

H.F. 

- 3 

V.F. 

- 3 

W.Dec 

0 

(2) Paviovsk (58°) 

- 6 

0 

0 

(3) Greenwich (55°) 

- 4 

0 

0 

(4) Cheltenham (49°) .. 

”7 

1 

0 

(5) Honolulu (21°) 

-10 

1 

1 


Though these results do not all refer to the same series of years, a different 
choice w*ould not alter the general indications of this table. The changes 
observed are small except in the case of the horizontal force, whore they are 
systematic, and in good agreement with expectation. The results are given 
to the nearest unit, and are probably accurate to within about ly. 

In addition to this evidence favouring the view that also as regards the 
storm-time changes slight and intense disturbance are similar in type, there 
is the direct evidence afforded in fig. 6 of my former paper showing that the 
type of the storm-time changes during intense disturbance is but little altered 
over a range of intensity varying in the ratio I to 4. There appears to be a 
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quicker progression through the storm-time changes, the more intense the 
disturbance, but the similarity of type is the outstanding feature. 

6. From §§3, 4 it appears that, in addition to the main magnetic field of the 
earth, and the varying field which is manifested by the diurnal magnetic 
variations on quiet <lays, there exists, from time to time, a further “disturb¬ 
ing’’ magnetic field, which has certain definite average characteristics in 
regard to its space distribution and temporal changes : and that, over a wide 
range of variation of intensity of this field, these average characteristics do 
not vary greatly in type. 

This conclusion relates to world-wide magnetic disturbance, and not to isolated 
local or brief disturbances (such as “ bays ’*), except in so far as these are 
associated with and indicative of the general magnetic disturbance which 
distinguishes ordinary from quiet days. 

Disturbance in^ high IcUitudes. 

6. The evidence so far described relates to latitudes up to about : the 
data for {lolar regions will next be considered. The observational material is 
more limited than for lower latitudes, particularly in respect of the length of 
record at any individual station : the period during which continuous magneto¬ 
graphic registration has been carried on at polar stations has rarely exceeded 
two years. Consequently the polar observations for days which in lower 
latitudes are counted as liighly disturbed are too few to enable average 
results for such days to be obtained for polar latitudes, corresponding to those 
of my former paper relating to lower latitudes. 

In particular, it does not seem possible at present to determine the course 
of the storm-time changes in the polar regions. But it is possible to compare 
days of different degrees of slight disturbance (reckoned by polar standards, 
which, of course, are much higher than in lower latitudes), as was done in 
§§3,4for non-polar stations, so tliat the detailed local-time variations, and the 
averaged storm-time variations, can be found for polar latitudes. The results so 
obtained will, of course, have reference to the same relatively low degree of 
disturbance as in the case of the curves c in figs. 1 to 3. 

7. The averaged effect of the storm-time changes will first bo considered, as 
shown by the difference between the daily mean values of the magnetic elements 
on all days and on quiet days. The data obtained at several arctic stations 
during the international expeditions of 1882-3 are available for this purpose, 
and also the results of recent Antarctic expeditions, and the hourly values for 
1914, 1915 recorded at the new permanent observatory at Sodankyla, in 
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Finland, a little to the south of the auroral zone. Where the publiBhed obser¬ 
vations include results for quiet days Ke|)arate from those for all days, these 
two sets of results have been used : where (piiet-day results are not quoted, 
they have been* roniputed for sets of quiet days chosen by the criterion of 
relatively small daily range. The results so obtained may not be strictly 
comparable vnJter se, but are sufficient for the present purjiofie. 

The difference between the all and quiet <lay means for each station is a vector 
with three components : in polar regions the horizontal component of tins 
vector does not in general lie so nearly along the <lirection of the whole horizontal 
force as it does in lower latitudes, and, moreover, the geographical direction 
of the horizontal force varies considerably. It is, therefore, desirable to indicate- 
graphically the direction of the horizontal disturbanet* vector, as in fig, 4. 


180 



<f. Fort Kae. 7. Kingua Fiord. 8. Godthaab. 9..Tun Mayen. JO. Sodank^la. 

M = V.F., Morning Maximum. 1 — V.F., Irregular. 

A = V.F. Afternoon Maximum. N - V.F, No Record, or Unreliable. 

In this figure the situation in latitude and longitude is represented for ten 
observatories by a point in each case, and fit>m each point a line (having 
an arrow-head at the further end) is drawn indicating in magnitude and 



Chxx/racteristics of World Wide Magnetic Disturbance, 251 

direction the difference between the mean horizontal coni])onent of magnetic 
force on all and on quiet days. The zone of maximum auroral frequency, 
as drawn by Fritz, is also showm (dotted). It appears that, on the whole, 
these horizontal disturbance vectors diverge from a point or small region near 
the centre of the auroral zone, which is also approximately tlie pole of the axis 
of magnetization of the earth ; their distribution is by no im-ans symmetrical 
about the geographical ]x>le. 

The change in the mean horizontal force thus consists apftroximately of a 
reduction in the component of the force along the meridians through the mag¬ 
netic axis, and in this respect it resembles the corresponding horizontal-force 
change in lower latitudes (§ 4); but the magnitude of the reduction is larger in 
polar regions, ranging up to about 20 y, whereas in lower latitudes the maximum, 
which occurs at the equator, is about lOy, though these figures may not bo 
exactly comjiarable owing to the different years and <Jays from which they are 
drawn. 

The average storm-time change of force in the horizontal plane is thus every¬ 
where a decrease, which has a maximum at the eejuator, whence its value 
decreases towards a minimum at about 60® latitude, aftem’ards increasing 
rapidly towards the auroral zone. The data do not suffice to show clearly how 
it varies within the zone, but it may be expected to decrease again, to zero, at 
the centre of the zone. 

The corresponding changes in the vertical force are more difficult to ascertain, 
since not all the polar stations of 1882-3 were equipped with reliable (or, in 
some coses, with any) vertical force magnetographs. But examination of the 
available data makes it appear that at Fort Bae, Nova Zenibla, and Kingua 
Fjord the all-day mean is distinctly higher than the quiet-day mean, by about 
ISy, 19 y, and Gy respectively. At Bossekop, Sodankyla, and Sitka the change 
is negative and small, viz., — 4, — 4, — 3y, At Cap Thordsen ami Jan Mayen 
the change appears to be small and its sign cannot be relial)ly determined from 
the existing data. 

The large V.F. changes, for which numerical valifes have just, been quoted, are 
probably reliable as regards sign and order of magnitude, at least; they much 
exceed the corresponding V.F. changes in lower latitudes, which are small and 
positive from the equator (where the change is zero) up to about 55® northern 
latitude, where they change sign (to negative) and increase numerically towards 
the auroral zone. A further change of sign, to positive values, rwcurs at or 
within the auroral zone, where the large differences above noted are found. 
Farther within the zone it seems likely that the differences decrease again 
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towards the axis of magnetization, but data on this point are not available. 
These vertical force changes are, therefore, more complicated than those in the 
horizontal plane. 

In the Antarctic the results for Cape Evans (77^^ 38' »S., 166^ 24' E., geo¬ 
graphical), reduced and discussed by Dr. Chree,* show that the all'minus- 
quiet day ” mean difference in the (upward) vertical force in an increase of 5y ; 
this result is confirmed by the still larger difference of 12 y. with the same sign, 
shown by the “ disturbed-minus-all day ” means (from the fi\"e most disturbed 
days per month). Thus within the southern auroral zone (which encircles (?ape 
Evans) disturbance increases the numerical value of the vertical force, just as in 
the case of the northern jiolar region. 

8. The local-time (diurnal) additional \'ariations will next be considered. 
These have been discussed by Ludelingf and van Bemmelen,{ and the results 
here to be quoted, though derived from an independent examination of the data, 
are in substantial agreement with theirs. 

Fig. 2 (curves &, c) shows that the additional diurnal variation in the vertical 
force preserves a constant phase from the equator to as far north as Sitka, with a 
morning minimum and an afternoon maximum ; the amplitude increases greatly 
with latitude. The increase persists beyond the (magnetic) latitude of Sitka— 
where the range, for all-minus-quict days, is about 20y (c/., fig. 2, curve Ic)— 
to Bossekop, where the range exceeds lOOy; the curves for Bosaekop and other 
polar stations are illustrated in fig. 5. These curves (except in the case of that 
for Nova Zembla) are of similar very large range, but the most remarkable 
feature is that their phases are all opposite to that for Bossekop and the stations 
of lower latitude ; the curve for Nova Zembla is transitional between the two 
series. The reversal of phase would seem to occur within a narrow belt of 
magnetic latitude adjacent to the auroral zone. Such a reversal, in a region 
where on the two sides of the dividing line the range of the diurnal variation 
(of V.F.) is so large, constitutes what is perhaps the most striking of all the 
average characteristics of the field of w'orld-wide magnetic disturbance. (§ 6). 

* C. Chree, ‘ Roy. Soc. Proc./ A, vol. 104, p. 106 (1923). 

t * Terrestrial Magnetism,' vol. 4, p. 245 (1890). 

Xlbid., vol. 8, p. 153 (1003). Dr. van Bemmelen also investigated the alterations in the 
daily diean values of the magnetic elements in the days succeeding magnetic storms, and 
showed that the azimuth of the disturbing force in the horizontal plane was fairly constant 
at each station. For the arctic region the azimuths of the horizontal disturbing vectors in 
fig. 4 of the present paper agree closely with those found by Dr. Bemmelen for his different 
but related vectors r/. ‘‘Die Srdmagnetische Nachstdrung," * Met. Z.,* 1896, p. 321, and 
also 'TerrestrialMagnetism.* vol. 5, p. 123(1900). 
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The additional all-minus-quiet day diurnal variations in the horizontal 
plane are likewise of considerable magnitude in polar regions, the lange being 
of the order bOy, as for the vertical force. This is far greater than in lower 
latitudes, and even than at Sitka, in magnetic latitude (fig. 1, Ic). In 
passing northwards from Sitka and crossing to within the auroral zone the 
diurnal variation of the force in the horizontal plane experiences a striking 
change of type, which is not simply a reversal, as in the case of the V.F. The 
change is best shown by the vector-diagrams of the horizontal-force additional 
variation. At Sitka the diagram still bears some resemblance to the roughly 
oval form, elongated in the direction transverse to the magnetic meridian, 
shown at Greenwich and other stations in similar latitudes. But for stations 
quite near to the auroral zone, like Ssagastyr, Sodankyla, Nova Zembla, and 
Bossekop, in magnetic latitudes 61®, 66®, 64°, 67°, the diagram is very narrow in 
this direction {i,e„ along the zone), and elongated in the direction normal to the 
zone; cf fig. 6. The maximum poleward force occurs at about 16 h. or 18 h., and 
the opposite minimum at about 2 h. On passing well inside the zone the vector 
diagram again becomes oval, indeed nearly circular ; this is illustrated by the 
diagrams for Kingua Fjord and Cape Evans, in magnetic latitudes 79° N. and 
83° S.; note that these two curves arc> described in opposite senses (c/. § 17). 
The curves for other stations in or near the zone, like CapThordsen, Fort Rae, 
and Point Barrow, are of an intermediate and less simple type. 

The horizontal vector force diagrams, for all-minus-quiet days, an? given to 
scale in fig. 6 for Sitka, Sodankyla, Bossekop, Kingua Fjord and Cajic Evans. 
In each case the magnitude and direction of the horizontal force <listurbance 
vector illustrated in fig. 4 is indicated, by a line drawn from the origin of the 
diagram. This enables the orientation of the diagram, and therefore of the 
diurnal disturbance vector at any local time, relative to the auroral zone, to be 
inferred by comparison with fig. 4. It also shows the relative magnitude of the 
disturbance change in the mean value of the force in the horizontal plane, and 
of the diurnally varying dejiarture from that mean. It should be carefully 
noted that the diagrams in fig. 6 are drawn to different scales, in order to render 
them of similar size and so facilitate comparison between their different 
forms. 

9. The average characteristics of disturbance in polar regions, considered in 
§§ 6-8, are those associated with relatively slight disturbance, but the results 
described in §§2-4 suggest that the distribution and development of the 
additional disturbance field in polar regions, as well as in lower latitudes, may 
remain fairly constant and independent of the intensity of the disturbance. 
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There is, indeed, some [lolHr evidence for this conclusion; this evidence will 
be briefly reviewed. 

Tt has been seen tliat the additional liisturbance diurnal variations in polar 
regions are very intense (the range being of the order of 60y), as compared 
with the corresponding variations in lower latitudes. Even on relatively 
quiet days, such as the five international quiet days {>er month, there remains 
a certain amount of disturbance, with its associated disturbance diurnal 
variation. In mid<]le and low latitudes this is small compared with the normal 
quiet'day variation, but it is still considerable in high latitudes, sufficiently 
so to be able to mask partly or wholly the residual diurnal variation correspond- 
ing to an ideally quiet day. Curves I a, c oi hg. 2, illustrate this : Curve 1 c 
is of larger amplitude than lu, and the latter appears to be compounded of 
two variations, one being a residue of disturbance diurnal variation, similar to 
but smaller than Ic, and the other a reduced version of tlie normal quict-day 
vertical force variation shown in fig. 2, curves 3, 4, 5a. 

Within the auroral zone the normal quiet-day variation probably becomes 
insignificant compared with the disturbance diurnal variation, even in the 
reduced form of the latter on quiet days. If this is so, the similarity of type 
between the whole diurnal variations, whether on quiet, average, or more than 
usually disturbed days (5 per month), which has been clearly demonstrated 
by Dr. Chree in reference to Antarctic magnetic records, constitutes a partial 
confirmation of the view that the general character of the disturbance field, in 
polar as well as in lower latitudes, does not vary greatly over a wide range of 
intensity. 

It may be added that this view is consistent with the possibility (for wliich 
there appears to be some observational evidence) that at an individual polar 
station near the auroral zone there may be considerable change of type in the 
disturbance diurnal variation, or in the sign and magnitude of the disturbance 
change in the mean magnetic force, as the intensity of disturbance increases. 
This is because of the complicated structure of the average disturbance field 
in polar regions, and its close relationship with the auroral zone. This zone 
appears to broaden and move towards the equator during periods of intense 
disturbance, so tliat a station which ordinarily is on the equatorial side of the 
zone may be during magnetic storms under, or on the polar side of, the zone. 
If so, the disturbance changes in the magnetic field at the station during slight 
disturbance may be radically different from those during magnetic storms, 
even though, in relation to the zone, the character of the disturbance field may 
be similar in (he two cases. 
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The station Nova Zembla seems to exemplify this possibility. The average 
vertical force variation for this observatory (fig. 6) is of transitional type, 
suggesting that the observatory is nearly 


under the dividing line between the 
two types of variation shown in fig. 5 
(this dividing line is probably identical 
with the auroral zone). But on many 
individual days the V.F. variation is 
of definite type, sometimes with morn¬ 
ing maximum and afternoon minimum, 
and at other times with the reverse 
phase. Mr. T. T. Whitehead, who has 
kindly assisted me in other ways in the 
preparation of this paper, examined 
the days of these two classes at Nova 
Zembla. Out of about a year's observa¬ 
tions, 1(K) days of morning V.F. maxi¬ 
mum, and about 112 da}^ of afternoon 
maximum, were found. On the remain¬ 
ing days either the record was faulty, 
or the maximum and minimum V.F. 
both fell in the forenoon or afternoon 
with less than six hours’ interval; moht 
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was found to be distinctly greater on 

the days of morning than of afternoon V.^'. maximum (429 y as against 268 y). 
This suggests that on the more disturbed days Nova Zembla may be inside the 
auroral zone, while on quieter days it is outside it. It would be of interest to 
examine the records of other observ'utories. near the auroral zone, iu a similar 


way. 

The Electric Curretii Syilem. 

10. The preceding sections summarize what appear to be the principal average 
characteristics of the field of world-wide magnetic disturbance. As in my 
former paper, the attempt will now be made to infer the immediate cause 
of this field. The most natural supposition is that the field is due to a system 



256 


S. Chapman. 

of electric currents, part being situated in the upper atmosphere, and part within 
the earth, the latter being secondary currents induced by the variations of the 
former. This view is supported by the known facts about aurorae, and by 
analogy with the theory, incomplete yet already to a large extent successful, 
of the ordinary solar and lunar diurnal magnetic variations. It has also been 
confirmed, in as direct a way as is ever likely to be possible, by Birkeland’s 
study*^ of large perturbations of the horizontal and vertical com|x>nents of 
magnetic force at adjacent stations in the Arctic region. He found a number of 
cases in which there was clear evidence of a linear current flowing overhead 
between two stations, the horizontal force ])erturbations being of the same sign, 
and the vertical force perturbations of opjjosite sign ; the estimated lieights of 
the centre-lines of such currents varied from 150 km. upwards. 

In my former paper diagrams were given of current-systems that would account 
in a general way for the data there described, which were confined to phenomena 
in middle and lower latitudes, up to about 60° (that is, to the range of facta 
considered in §§ 2-4 of the present paper). In the main those diagrams are still 
valid for this region, but they require important modifications in the polar 
regions, whore, as has been shown, the disturbance field is not only more intense, 
but also more complex in structure, than elsewhere. 

The complications of the disturbance field in high latitudes may be divided 
into tw^o classes, one set being associated with the very existence of a band or 
zone (the auroral zone), at ordinary times comparatively narrow, within which 
the atmosphere receives from the sun the electric particles that are the primary 
cause of magnetic disturbance. The corresponding complications of the 
disturbance field, whatever their nature, may be called the symmetric-zonal 
features of the field: they would exist even if the earth's magnetic axis coincided 
with its geographical axis, when, as the Birkeland-Stormer theory of aurorae 
indicates, the auroral zone would be symmetrical about the earth's axis of rota¬ 
tion, and auroral phenomena would, on the average, follow the same course at 
corresponding lo^ times all round any circle of geographical latitude. The 
fact that the magnetic and geographical axes do not agree, so that the auroral 
zone is not centred at the north pole, introduces a second set of complications, 
which may be called the asymmetric features of the field. The angular distance 
between the north pole and the pole of the magnetic axis (or the centre of the 
auroral zone) is comparable with the angular radius of the auroral zone, and 

* Birkeland, * The Norwegian Aurora Polaria Expedition,' 1902-3, vol. i, $ 76, p, 306. 
Currents of the ofder of 10* amperes were indicated durirg magnetic Etcims ret of out¬ 
standing intensity. 
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the divergence must produce important consequences in the disturbance field 
in these regions where the structure of the fiehJ is so highly differentiated ; in 
low latitudes, on the other hand, the asymmetric features of the disturbance 
field are relatively unixnporUint. One chief complication in polar regions is 
that the disturbance diurnal variation will not bo the same at similar l<ical times 
at different stations along a circle of either geographical or magnetic latitude. 

The zonal an<l the asymmetric features of the polar distnrbancc field cannot 
bo separated with certainty on the basis of the few brief series of polar obser¬ 
vation so far available, and it is desirable to obtain more data by means of a 
closer netAvork of permanent or temporary polar observatories, from which the 
detailed structure and variations of the disturbance field may be doternunod. 
But the zonal features of the field seem on the whole to be more important than 
the asymmetric ones, and in this section they alone will bo ('onsi<lered. Current 
systems will be promised which relate to an uleal earth liaving coincident mag 
netic and geographical axes; these currents would give rise to a magnetic 
field that possesses the most important features of the actual disturbance field, 
when comparison is made between a station on the ideal earth, in a given situation 
relative to the ideal auroral zone symmetric about the axis, and a station on the 
actual earth in a similar situation relative to the actual auroral zone. The 
hyiiothetical and the actual disturbance fields will, of course, not agree in all 
l>articular8, but the ideal current system, and its hypothetical field, will be of 
value according to the extent to which they reproduce the observed features of 
the disturbance field ; and a study of the differences between the hypothetical 
and observed variations, when sufficient data become available, should then 
assist in the determination and explanation of the fisymmetric features of the 
field. 

11. In the foregoing (iiscussion, the disturbance magnetic field has been 
analyzed into two parts, the diurnal or local-time part, and the storm-time 
jiart. The current system res|ionsible for the whole field can be similarly 
analyzed, since the magnetic fields of superposed current systems are 
superposable. 

The ideal current system proposed as corresponding to the symmetric or 
zonal features of the diurnal part of the disturbance field is indicated in fig. 7. 
This shows an elevation of the atmospheric current systems as shown from 
the sun, and also a plan as seen by a distant observer looldug along the earth^s 
axis towards the North Pole, The ideal auroral zones, or zones of great 
current intensity nearly coinciding with them, are indicated by ap, a'P', the 
former being shown as a circle in plan. The currents along and in the polar 
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caps within these zones are supposed to be much more intense than those 
between the zones in middle and low latitudes, so as to account for the greater 
intensity of the disturbance field in polar regions. Most of the currents flowing 
along the zone (in opposite directions in the two halves of each zone) are 
supposed to complete their paths by flowing across the polar caps within the 
zone, but part of the zonal currents may also complete their circuits over 
the middle belt of the earth. The distribution of the current system in space 
is supposed to be constant relative to the reference frame determined by the 
earth’s axis and the radius vector from the (^artli's c^ontre to the sun; the earth 
revolves relative to this frame, and relative to this current system; in the 
atmosphere above any j)articular locality on the earth the currents are 
continuously modified, to the form characteristic of the situation of the locality 
relative to this reference frame; this situation is determined, of course, by 
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thtt latitude and local time of the station. The magnetic field of the current 
83 rBtem is observed as a field which varies diurnally at each station, according 
to local time. 

12. The nature of these diurnal variations in the throe components of magnetic 
force at a point at ground level—that is, below the (jurrent system—can easily 
be inferred from fig. 7. At the tjquator, and on both sides up to the latitude 
(N. or S.) at which the current circuits between the two zones shrink to points, 
the horizontal north force will have its maximum at 6 h. and lis minimum at 
18 h. local time ; above these latitudes, up to the zones a^, a'P', the north 
force variation will be reversed. This agrees with the general character of 
the curves b, c in fig. 1. The variation of west force or declination will be of 
opposite phase on the two sides of the equator, without further n'versal up 
to the zones ap, a'P'; the west force in northern latitudes, up to ap, will 
have its maxinuim at 12 li. and its minimum at midnight. These inferences 
from fig. 7 are in general agreement with the curves 6, c of fig. 3. The vertical 
force diurnal variation will likewise be of constant phase from the equator 
up to each zone, and of opjiosite sign on the two sides of the equator, but the 
maximum downward force in northern latitudes up to ap will o<'cur at 18 b., 
and the minimum at 6 h., while the daily range will increase from zero at the 
equator to a maximum at a latitude only slightly less than tliat of the centre 
line of the zone ap. These inferences are in general agreement with the 
observed facta summarized in the curves ft, c of fig, 2. 

The above is the range of facts on which the corresponding current-system 
iliagram of my former paper (fig. 7) was based ; that diagram accounts fairly 
well for these facts except as regards the rapid increase of the range of the 
diurnal variation of vertical force above 50® latitxide (in particular, at Sitka). 
It does not agree at all with the data for the polar regions (§§ 6-9 of this paper), 
since it took no account of the intense current zones ap, a'P', included in the 
present fig. 7. 

13. The form of the diurnal variations in polar regions, corresponding to 
fig. 7, will next be considered. The phase of the diurnal variation of vertical 
force will remain constant up to the centre-line of the zone a p, beyond which 
the phase will be reversed ; also the range wiU have a maximum at a latitude 
slightly below a p, and will decrease rapidly from that latitude to zero at 
stations directly under the zone. Further north still, the range of the reversed 
variation will rapidly rise to another maximum a little north of the zone, and 
from there will gradually decrease to zero at the pole or centre of the zone. 

These inferences are in general agreement with the facts summarized in 

s 2 
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fig. 6, Bince an oVal curve can bo drawn on the map of the Arctic region so as 
to separate the stations having vertical force variations of opposite phase, 
in 8U<*h a way that those stations witliin the ctirve have maximum downward 
vertical force in the forenoon, while at those outside the curve it occurs in the 
afternoon. The curve must be drawn {cf, fig. 4) so as to pass to the north of 
Fort Rae and Bossekop, and nearly over Nova Zembla. It wdl therefore 
not agree exactly with the zone of maximum auroral frequency as drawn by 
Fritz, though its departure from the latter is not great. The magnetic data 
are unfortunately insufficient to indurate the complete course of the curve 
referred to; for this purpose it is di'sirabh' Muit at various points along the 
auroral zone there should be pairs of magnetic observatories in nearly the same 
magnetic mf3ri<lians, and only a few degrees of latitude apart, on opposite sides 
of the zone. In view of the special interest attaching to the vertical force 
variations in polar regions, it is unfortunate that observaiions of this element 
are particularly scanty in thi‘se latitudes. 1'he fuluie outlook in this respect 
IS now somewhat more hopeful, and for the present it is at least possible to say 
that the existing data seem to be in good accord with the indications of fig. 7. 

14.1. As ixigards the polar diurnal variations of magnetic force in the 
horizontal plane, the observed variations of the two components, north and 
west, have been ac(*ountc(l for in § 12 up to tbo latitude of Sitka. As the 
current-zones are appmached, llie horizontal Ton e variation will become more 
and more diroiitly transverse to the zone, the west-component variation 
decreasing in range till it vanishes under the zone, tlie nortli-component 
variation remaining the same in phase (morning minimum and afternoon 
maximum) and increasing greatly in magnitude. The vei tor diagram of the 
horizontal force variation will thus become rectilinear, with its direction normal 
to the zone, and with its north and south elongations at 18 li. and 6 h. respec¬ 
tively. 

14.2. On crossing the zone, the north-component variation will preserve 
its phase, but its range will begin to decrease ; the W’cst-conqxmcnt variation 
will reappear with reversed phase. The horizontal-force vector diagram will 
therefore again become oval, but will be described in the countei-clockwise 
direction, instead of in the clockwise direction (as is the case just south of the 
zone a P); the horizontal force-vector at stations just within the zone will be 
southerly at 6 h., easterly at 12 Ii,, and so on. 

14.3. Still further within the zone the north-component variation will 
vanish and reappear with reversed phase ; the west-component variation will 
have the same phase everywhere within the zone. The direction of description 
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of the vector diagram will tlms be again reversed -tin* tliinl reversal in all in 
proceeding northwards from the equator (the throe ot eurring at ftb<nit the 
latitudes 55*^, 05^, and 7rr, the middle, latitude l)eing that of the zone a P 
itself): the direction of dcs(‘n])tion in the central region within tlie zone will 
therefore be clockwise, the force-vector b(Mng northerly at 6 h., easterly at 
12 h., and so on. A simple way of rt^garding this variation, in the vicinity of 
the pole, is to consider it as due to the rotation of the earth within a stationary 
magnetic field, which near the poles is nearly uniform and horizontal: relative 
to the earth, therrdore, the variation at any particular station near the jiole 
will appear as the uniform rotation of a nearly constant vector, in the <liroction 
opposite, to the rotation t)f the earth. The crnistani vector, according to fig. 7, 
will be in the meridian plane normal to the radius vector to the sun, or, other¬ 
wise sta1e,d, in the meridian jdane of the 6 h. and 18 h. meridians of local time. 
This gives rise to north and west eoniponent variations with phases as just 
described ; also the ve(‘ior diagram will bo nearly circular. The reference 
here is to the arctic cap ; in the antarctic the horizontal component of the force 
near the pole will bo opposit(‘ in direction tf> that at the south jiole, as fig. 7, 
indicates, and the rotation of the earth will (*ause the vector diagram at stations 
near the south polo to be described in the anti-clockwise direction, the vector 
being northerly at 6 li., westerly at 12 li., and so on. 

16. The hypothetical horizontal force diurnal changes, or vector diagrams, 
in the polar regions, deduced from fig. 7 and described in § 14, are in the main 
in fair accord with observation, though there are some discrepancies. The 
transition from the vector diagram at Sitka to the rectilinear vector diagram 
at Bossekop, which is under or very near to the auroral zone, is in accord with 
§ 14, though the observed phases do not always agree with the hypothetical 
phases.* In high northern and southern magnetic latitudes, such as at Kingua 
Fjord and Cape Evans, the observed vector diagrams arc nearly circular, are 
described nearly uniformly, an<l in the directions described in § 14, but again 
there are phase-differences of about 3 hours between the actual and the h 3 q) 0 - 
thetical diagrams, Sucli differences are not surprising in view of the very 
considerable asymmetry of the auroral zont's with reapect to the geographical 
poles. The same caiiso may explain the lack of observational data (so far 

• In the diagrams for Bossekop and Sodankyla, for example, the extreme elongations ore 
at Oh. and 16 h. or 17 h. instead of at Oh. and ISh. as suggested in § 14.1; tho diagram for 
Ssagastyr (not inaluded in fig. 6) lias its extreme elongations at 4 h. and 18 or 20 h. Thus at 
different stations near the auroral zone the maximum current along the zone seems to occur 
at different hours of local time : tliis is an example of the consequences to ho expected from 
the asymmetry of the zone about the geographical axis. 
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as I am aware) confirming the predicted reversal, between the auroral zone and 
the pole, of the direction of description of the vector-diagram, though it seems 
possible that a fuller survey may reveal stalions not far within the zone which 
have a counter-clockwise vector diagram. In any ease, it may reasonably be 
claimed that the relatively simple current system of fig. 7 suffices to account for 
a large proportion of the considerable range of facts summarized in figs. 1-3,6, 6. 

16. The second part (c/. §11) of the idealized current system will next be 
(considered, that, namely, which is responsible for the storm-time part of the 
varying distmbance field. By virtue of its definition and mode of derivation 
this part is essentially symmetrical about the earth’s axis ; its int("n8ity and 
its distribution in latitude vary very materially during the rourse of a storm, 
os is shown by the storm-time curves, for middle and low latitudes only (up 
to about 60°), given in fig. 1 of my former jmper. Since it does not seem possible 
as yet to deduce similar curve's for the polar regions, it is necessary to confine 
our attention to the time-average of the storm-time changes, so that the corres¬ 
ponding current-system diagram, fig. 8 of this paper, will refer only to the time- 
average of the actual varying storm-time part of the disturbance field ; it 
will, therefore, completely fail to represent the current system of this part of the 
field during the early hours of a large disturbance, when the storm-time changes 
are of opposite sign (in middle and low latitudes, at least) to the average storm- 
time changes. 

The averaged storm-time changes have been described in §§ 4, 7 ; they con¬ 
stitute a much more limited set of fact^ than those for which fig. 7 was re(]uired 
to account. The corresponding current-system, shown in fig. 8, consists of 
currents which are everywhere in the same direction, along circles of latitude 
from east to west, but concentrated, with much greater intensity than elsewhere, 
along the same zones, a^, as in fig. 7. The associated magnetic field will 
everywhere be directed southwards, and will be most intense in and near the 
current zones ; this agrees with the diminution of north force observed every¬ 
where in middle and low latitudes ; and with the diminution, near the auroral 
zone, of the component of horizontal force normal to the zones. The vertical 
force will clearly vanish at the equator, and be large, and of opposite signs, 
adjacent to and on opposite sides of the zones. Just south of ap it will be 
upwards, and just north it will be downwards. These indications are in general 
accord with the facts, though the vertical force data are too scanty, in polar 
regions, to test them properly. The magnitude and sign of the hypothetical 
vertical force variations in low latitudes will depend on the precise distribution 
in latitude of the current intensity in][fig. 8. 
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Fig. 8 is similar to the storm-time part of the current system described in 
my former paper {§ 8 (a), foe. ctV.) except as regards the distribution of current 
intensity. In that paper the current intensity was doscribed as being nearly 
uniform in middle and low latitudes, but gradually diminishing towanls high 
latitudes ; the existence of the zones of largo current intensity, ap, a'p', was 
not indicated, owing to the data for polar regions not being considered. It 
wa.s recognized, and stated, that polar data might modify the results of that 
paper, but the nature and j>aramount importance of the corrections to be 
introduced were not foreseen. 

17. The eomplett; system of atmospheric currents is the combination of those 



For the sake of cloamoss tho angular distance of the auroral xono from the pole is shown 
IIS nearly 30° instead of about 23°. 

Tho upper figures represent the elevation of the current systems as seen from the Sun. Tho 
lower figures are the plans of the upper ones in figs. 7 and 9. 

illustrated in figs. 7, 8, but its precise form will naturally depend on the relative 
intensities of these two partial current systems, which are not indicated in the 
diagrams. Where the emrents in the separate diagrams are in the same 
direction, the resultant current will naturally be in that direction also; but 
where the separate currents are in opposite directions, it is essential to know 
their relative magnitudes in order to determine the direction of the resultant 
current: cases of the latter kind occur along the zones ap, a'p^ in the right 
(or post-meridiem) hemisphere as viewed from the sun, and along the equator 
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in i-Iio left (or ante-mcri<Jiem) hemisphere. It seems probable that at the 
oqiialnr the intensity of the storm-time currents (»xceeds that of the diurnal 
syslcin, Iwaufle the average storm-time change in the horizontal force exceeds 
the semi-range of the disturbance-diurnal variation of horizontal force at the 
equator (e.j., for all-mimis-quiei. days the semi-range of the latter is about 
4 y— cf. fig. 1, curve 5c -while the reduction of the daily mean horizontal force 
is about lOy— rf. § 4). Hence the direction of the combined current flow will 
be tlic same all round the equator (as in fig, 8), but the intensity will be least 
at 6h. and greatest at 18 Ii. Along the zones a^, a'p', on the other hand, the 
current intensity m the diurnal 83rstiCm (fig. 7) seems to exceed the average, 
judging by the same criterion ; for the semi-range of the <liurnal variation 
(all-minus-quiei days) at Bossekop, for example, is over 60y, while the all-minus 
quiet-day difference between the daily means is less than ISy. Hence the 
resultant current along the zones is unlikely to bo in the same direction all 
round. The general form of the resultant current sjrstem is shown in fig. 9. 

The above criterion for judging the relative intensities of the two current 
systems is, perhaps, not completely satisfactory, because it assumes that the 
current intensity is proportional to the corresponding part of the horizontal 
force in the imiiKuliate neighbourhood ; this is not exactly tnie, since the 
horizontal force at any point d(q)ends in varying degree upon the current- 
distribution at a distance as well as near at hand. Moreover, it depends on 
currents within the earth as well as upon the atmospheric currents, which alone 
are under consideration at 2 >resent. If the relative intensities of the two parts 
of the horizontal force variations were nearly equal, these circumstances might 
render the apjdication of the criterion unsafe ; but in actual fact they differ so 
greatly, both near the equator and near the zones, that the conclusions thus 
drawn seem likely to be valid. 

The Origm of the Eleclrio Currents. 

18. In §§ 10-17 and figs. 7-9 the attempt has been made to infer the general 
distribution of the external current systems responsible for the additional 
magnetic field observed during disturbance—^it being recognized, however, that 
part of the field is due to secondary currents induced in the earth. Figs. 7-9 
are confessedly somewhat idealized, and, in any case, axe provisional and subject 
to modification (not, however, likely to be of a radical nature, at least os regards 
figs. 7, 8) when the present lack of polar data is supplied. The question now 
arises as to the origin of these atmospheric electric currents. 

In the first place, it seems not unlikely that part of the external currents 
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are themselves secondary induced currente, the actual primary currents beinff 
confined to high lalitudi^s {though doubtless extending further towards the 
equator at times of intense than at times of small (iisturbanee). There is good 
ground for the belief that there are regions of the atmospliere whose conduc¬ 
tivities are of independent origin and vary in different ways (the regions are 
not necessarily quite separate, but may merge into one another near their 
boundaries); the arguments in favour of this conclusion are based on the 
different modes of variation, with respect to sunspot epoch and magnetic 
activity, of the solar and lunar diurnal variations.* Over the region from the 
equator to beyond ± 60° latitude there is a conducting layer whob(‘ conductivity 
does not vary in unison with the intensity of magnetic disturbance, though 
it shows a large and regular variation throughout the sunspot cycle. In polar 
latitudes, however, there is a region whose conductivity increases with the 
intensity of magnetic disturbance and of auroral activity. It seems reasonable 
to suppose that these latter variations of conductivity, themselves due to varying 
intensity of precipitation of solar corpuscles into the atmosphere, largely govern 
the intensity of magnetic disturbance, and that the disturbance mainly originates 
in this region, where the magnetic variations are known to be particularly 
intense and variable with locality. No liypothesis as to how these jirimary 
currents are produced will be made at this stage, but the magnetic data give 
clear evidence of the existence of intense currents i n the polar atmosphere. Such 
currents must necessarily induce secondary currents in any other conducting 
regions, whether in the earth or atmosphere. Mr. T. T. Whitehead and I have 
shown that in lower latitudes the field of the induced currents')* may be more 
important than the direct field (in these latitudes) of the primary currents. 

The study of these induced currents unfortunately involves very laborious 
numerical computations, and is not sufficiently advanced to permit of a precise 
separation of the current system in fig. 9 into primary and secondary parts. 
Until this can be attempted it is difficult to progress further towards a detailed 
theory of the origin of the primary electric current system. The theory out¬ 
lined in my former paper on magnetic storms (Zoo. cU,y from p. 76, § 9 onwards) 
is inadequate to explain the wider range of facts here considered, even apart 
from the valid objections made by Prof, Lindemann against some of the 
numerical developments of that theory.]: 

* Cf. a lecture on “ Some Problema of Terrestrial Magnetism,*’ * J. Lond. Math. Soc.,* 
April, p. (1927). 

t *' The Influence of Electromagnetic Induction within the Earth upon Torresttial 
Magnetic Storms * ; * Trans. Internat. Math. Congress, Toronto,’vol. ii (1924). 

t F. A. Lindemann, * Phil. Mag.,’ toI. 38, p. 669 (1919). 
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It was there supposed that the magnetic disturbance field is produced by 
electro-magnetic induction in the atmosphere, by means of mass motion of air 
in the upper regions, across the earth’s permanent magnetic field ; that is, in the 
same way, essentially, as in the case of the solar and lunar diurnal magnetic 
variations, acconling to the generally accepted theory. This view differs from 
that advocated (particularly) by Birkeland, which attributes magnetic dis¬ 
turbance to the direct magnetic field of streams of charges moving freely out¬ 
side, or at high levels in, the atmosphere. Schuster* has shown, however, that 
Birkeland’s hypothesis is untenable owing, among other reasons, to the inability 
of streams, charged with sufficient intensity to produce the observed magnetic 
changes, to maintain themselves against the tendency to dispersion by the 
mutual electrostatic repulsion of the charges. 

While retaining this basic feature of my former theory, the hypothesis there 
suggested as to the type of atmospheric motion involved must, I think, be 
abandoned. The motion was supposed to be vertical, first downwards and then, 
during the greater part of the storm, upwards. These movements were attri¬ 
buted to the initial impact of corpuscles entering the atmosphere from outside, 
and to the subsequent upward expansion caused by tlie mutual repulsion of the 
accumulated corpuscles, which were supposed electrically charged, and pre¬ 
dominantly of one sign. Such motions would account for electromotive forces 
of the tjrpe required to produce the current sjrstem of which part is illustrated 
in fig. 7 of that paper. The conductivity of the layer in which the currents 
flow was also attributed to the ionizing effect of the corpuscles. 

The more complete current system illustrated in figs. 7-9 of this paper 
(or the primary part of this system) cannot be explained so well by such vertical 
motions. Vertical motions of the supposed kind must, indeed, occur, but their 
velocity and energy do not seem adequate to give rise to the observed magnetic 
fields. It is more likely that the atmospheric motions, whatever their type, 
are always present, and with them the corresponding electromotive forces; 
but that the intensity of the currents which they produce is dependent on the 
degree of ionization and conductivity of the air. 

The type and velocity of the atmospheric motions must be inferred from 
the magnetic data, so long as no independent evidence of such upper atmos¬ 
pheric movements is available. It seems premature to attempt any detailed 
inferences, but the motions in question are more likely to be horizontal than 
vertical, on general dynamical grounds ; moreover, near the poles, where the 
magnetic force is nearly vertical, horizontal movements of the air are more 
* A. Schuster, * Roy. Soo. Proo./ A, voL Ixxxv, p. 44 (especially § 6) (1911). 
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effective than vertical niovenients in inducing electromotive forces. A general 
poleward drift of the air in auroral latitudes would produce westerly electro¬ 
motive forces of the type required in fig. 7; but the composite current system 
of fig. 9 seems to require the motion in auroral 1atitude.s to be diurnally periodic, 
i.e., polewards at 6 h. and towards the equator at 18 h. A motion having 
a velocity potential involving the spherical harmonic factor with maxima 
and minima of pressure at 6 h. and 18 h. respectively would accord with fig. 9, 
provided the atmospheric conductivity in the auroral region is greater at 6 h. 
than at 18 h. Such a motion is consistent with the observations of the 
barometer at ground-level, though the 24-hourly component of the daily 
barometric variation is much affected by local circumstances; but it is 
doubtful whether this oscillation of typo extends without change of phase 
and (proportional) amplitude up to great heights in the atmosphere. It is by no 
means impossible that an independent diurnal circulation of the upper atmos¬ 
phere exists, due to the absorption of ultra-violet radiation, or of corpuscular 
radiation, or to both these causes independently; but at least until the 
separate primary and secondary parts of the disturbance field have been 
inferred with the aid of the mathematical investigations now in progress, it 
would be premature to discuss farther the causes of the atmospheric current 
systems in the polar regions. 

In conclusion, I wish to express my thanks to Mr. A. IH. Ludlam for drawing 
the diagrams for this paper, and to the Government Grant Committee of the 
Royal Society for assistance towards the expense of some of the computations 
involved in the paper. 
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The Method of Images in Some Problems of Surf ace Waves. 

By T. H. Havklock, F.R.S. 

(Received May 26, 1926.) 

Introdudion, 

1. When a circular cylinder is submerged in a uniform stream, the surface 
elevation may be calculated, to a first approximation, by a method due originally 
to Lamb for this case, and later extended to bodies of more general form : the 
method consists in replacing the cylinder by the equivalent doublet at its 
centre and then finding the fluid motion due to this doublet. In discussing 
the problem some years ago,* T remarked that if the solution so obtained were 
interpreted in terms of an image system of sources, we should then be able to 
proceed to further approximations by the method of successive images, taking 
images alternately in the surface of the submerged body and in the free surface 
of the stream. This is effected in the following paper for two-dimensional fluid 
motion, and the method is applied to the circular cylinder. It provides, theoreti¬ 
cally at least, a process for obtaining any required degree of approximation, 
but, of coiuse, the expressions soon become very complicated. It is, however, 
of interest to examine some cases numorically so as to obtain some idea of the 
degree of approximation of the first stage. 

An expression is first obtained for the velocity potential of the fluid motion 
due to a doublet at a given depth below the surface of a stream, the doublet 
being of given magnitude with its axis in any direction. A transformation of this 
expression then gives a simple interpretation in terms of an image system. 
This sj^tem consists of a certain isolated doublet at the image point above the 
free surface, together with a line distribution of doublets on a horizontal line 
to the rear of this point; the moment per unit length of the line distribution 
is constant, but the direction of the axis rotates as we pass along the line, the 
period of a revolution being equal to the wave-length of surface waves for the 
velocity of the stream. The contribution of cacb part of the image system to 
the surface disturbance is indicated. 

Before proceeding to the circular cylinder, two cases arc worked out in some 
detail, namely, a horizontal doublet and a vertical doublet. To a first approxi¬ 
mation these give the surface disturbance of a stream of finite depth with an 
obstruction in the bed of the stream; in the first case the bed of the stream is 
plane with a semi-circular ridge, and in the second case it has a more com- 
* ' Roy. Soo, Proo.,* A, vol. 08, p. 524 (1917). 
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plicated form. Numerical calculations are made for both these coses, and 
graphs of the surface elevation are shown in figs. 1 and 2. 

The second approximation for the circular cylinder is then investigated. 
The first stage is the surface effect due to a doublet at the centre, and the second 
is that due to a distribution of doublets on a certain semicircle. Expressions 
can be obtained for the complete surface elevation, but the cMilculatious arc 
limited to that part which consists of regular waves to the rear of the cylinder. 
The integrals are investigated and reduced to a form which permits of numerical 
evaluation. Calculations are carried out for various velocities for two different 
cases, namely, when the depth of the c-entre is twice, and thr(*e times, the radius. 
Tlie results are tabulated for comparison, and one may estimat(' from these 
rather extreme cases the degrci* of approximation of the first stage. 'Che effect 
of the second stage is to alter both the amplitude and the phase of the regular 
waves. The amplitude of the first-stage waves has a maximum for the velocity 
\/(3^)» where / is the depth of the centre. It appears that the second stage 
increases the amplitude of the weaves for velocities less than {gf) and decreases 
it for velocities above this value ; further, the crests of the M'aves are moved 
slightly to the rear by an amount which varies with the 8i)ecd. Some other 
possible applications of the method of images may be mentioned. For a 
doublet in a stream of finite depth, we can take successive imag(\s in the bed 
of the stream and in the free surface, and so build up the image system of a 
doubly infinite series of isolated doublets and of line distributions of cloublets ; 
this solution may be compared with the direct solution in finite terms which 
may be obtained in this case. Fuitlier, similar methods may be used for the 
three-dimensional fluid motion due to a doublet in a stream, and application 
made to the corresponding problem of a submerged sphere. 

Image of Doublet in Stream, 

2. We may either consider the doublet to be at rest in a unif(»rm stream or to 
bo moving with uniform velocity in a fluid otherwise at rest; we choose the 
latter alternative. Take Ox horizontal and in the undisturbed surface of the 
liquid, and Oy vertically upwards. Let the axes be moving with unifonn 
velocity c in the direction of Ox, and let there be a two-dimensional doublet 
of moment M at the point (0, /) with its axis making an angle a with the 

positive direction of Oj?. The velocity potential of the doublet is given by the 
real part of 

Mg" 

a + i (y +/)' 


(1) 
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la Older to keep the various integrals convergent and so to obtain a definite 
result, we adopt the usual device of a small frictional force proportional to 
velocity and in the limit make the frictional coefficient (i' tend to zero; further, 
we neglect the square of the fluid velocity at the free surface. 

If 1 ] is the surface elevation, the pressure equation g^ves the condition at the 
free surface, 

^ — const., (2) 


we have also, at the free surface, 


0 /)_^ 

Bt ~ By' 


(3) 


And iis we are dealing with the fluid motion which has attained a steady state 
relative to the moving axes, these conditions give, in terms of the velocity 
potential, 

g + = (4, 


OX 


to bo satisfied at y = 0. Here wo have put ico — ylc^ and 
We now assume the solution to be given by 

^ - iM&- f <;***'“<*'^^dK + r F[k) dK. 

Jo Jo 


( 6 ) 


The first term represents the doublet (1) in an equivalent form, valid for 
y + /> 0. The function F(#c) can now be determined by means of (4), and 
this gives 


F (ic) = tMc*- (1 - — V 

\ K — fCo + »|X/ 




( 6 ) 


Hence the velocity potential of the image system is 

{ • r* «tf—») 

e‘"-*‘'-»)d»r+2*KoMe*“ — - -dx. (7) 

0 Jo H* *1^ 

By comparison with (1) and the first term in (5), it is easily seen that the 
first term in (7) is the velocity potential in the liquid due to an isolated doublet 
at the image point (0, /), of moment M with its axis making an angle tc — a 
with Ox. 

To interpret the second term in (7) wc put 

-|ji>0. (8) 

If — KO + tjl Jp 
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We then interchange the otdex of integration with regard to k and p, and 
integrate first with respect to k. The second term of (7) thus becomes 


Jo ® 




+ p +1 (/ — y) 


ip. 


(9) 


with/ — y > 0. 

By a comparison with (1), wc see that the real part of (9) is tin; velocity 
potential of a line distribution of doublets along the lino y = /, extending over 
tho negative half of that line. The magnitude of the moment per unit length 
at the point (—p, /) is 2/coMe”'**', and the axis at that point makes with Ox 
an angle Kffp — a — 

It is necessary to retain the quantity fx while manipulating the integrals, 
but we may put it zero ultimately and we have the following result:—The 
image system of the doublet M at an angle a to Oa: and at depth/below the sur¬ 
face consists of a doublet M at the image point at height/ above the surface with 
the axis making an angle tt — a with Ox, together with a line distribution of 
doublets to the rear of the image point of constant line density 2#cuM and with 
the axis at a distance p in the rear making a positive angle kqP — ol with the 
downward-drawn vertical. 

It is of interest to note how the parts of the image system contribute to the 
surface elevation. From the preceding equations we obtain 






Jo #C — #Co + 


dfc, 


( 10 ) 


wlicrc the real part of the second term is to be taken. 

The integral in (10) is transformed by contour integration, treating x positive 
and X negative separately; when [i is made zero ultimately, the complete 
expressions ore 

_ 2M(/coBa—gsina) ^2 koM f" (m/—a )—kq ain (m^—a) 

**+/* “Jo + 


for a: > 0; and 


2M (/cos a — X Bin a) , . nir• / , x 

cv) =- ^—rTTR -^ + 47C/coMe sin (fco® + a) 

® T*/ 

+2«ji r ») - «) (11) 

Jo Wl* -|- ffo* 

for » < 0. 

The first term in each case represents that part of the local surface disturb¬ 
ance due to the doublet and the isolated unage doublet. The remaining terms 
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arc due to the Hemi-infinite train of doublets behind the image point. Part of 
the effect is the train of regular waves to the roar of the origin, evidently associ¬ 
ated with the periodicity m the direction of the doublets along the line 
distribution ; and there is also a further contributioTi to the local surface dis¬ 
turbance, which we may regard as arising from the fact that the line distribution 
is scmi-iuiiuite and has a definite front. 


IhrizoiUal and Vertical Dottblets. 

3, With the axis of the doublet horizontal, we have the well-known first 
approximation to the submerged circular cylinder of radius «, if wo take 
M = ca^. From (11), the surface elevation can be expressed in the form 

V) = a:> 0 , 

■t\ = + 2a'''«oP t j: <0, (12) 

~T J 

where P is the real i)arb, for * > 0, of the integral 

[ !__(/,«. (13) 

J 0 fw -j- 1^0 

Taking the axis of the doublet to be vertically upwards, we have a = 7c/2 
in the general formula ; and, putting M ca® in this case also, wc obtain 


1 = 


O I i>0 

X- +/“ 
2o*x 


2a®/foQ, ® > 0, 


+ 2a-(ifoQ + 4TOoa®e cmKoX, x <0, 


(14) 


whore Q is the imaginary part ol the integral (13). This integral may be 
expressed formally in terms of where U denotes the logarithmic 

integral, and may be expanded in various forms. For the numerical calcula¬ 
tions which follow, it was found simplest to use the series 

(•»p- (a-HSl« 

- - -du = - (A + »B) 6-*''-“’, 

Jo M-ft 


A — Y d- log >’ + 2 cos »0, 
1 n ! 

B = 7r — 0—S^sin »0, 

1 »! 


where 


(16) 


r = (a®+(!*)*, tan 6 = a/p, and y = 0-67721. 
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The series is sufficiently simple for calculation, thouj^h in some of the cases it 
was necessary to take a larj^e iuiral)er of terms. 

For both the horizontal and vertical dou])lets we take 

M- f 2a, K^f 1. (16) 

This means that we take the velocity to be such that the wave-length of the 
regular waves is hzf. We arc assuming, in each case, a given doublet at depth 
/ below the surface of deep water. The only restrictions so far ate the general 
ones due to neglecting the square of the fluid velocity at the free surface, and 
the consequent limitation to waves of small height. From this point of view 
the data of (16) ar<i rather extreme; but, this being understood, it may be 
permissible to use them for a comparison of the two cases. With the values 
in (16), the calculations are com[larativcly simple, and lead to graphs which can 
be drawn suitably on the same scale throughout; these are shown in figs. 1 
and 2, where the unit of length is th(‘ quantity a. 

In fig. 1, there is a horizontal doublet at C ; the arrow shows the direction 



of the stream assuming the doublet to be stationary, and O 2 ; is in the undis¬ 
turbed surface. The surface elevation was calculated from (12) for the case 
(16). The broken curve shows the regular sine waves to which the disturbance 
approximates as we pass to the rear. This solution is also the first approxi¬ 
mation for a submerged cylinder of radius a ; or, again, to the same order, it 
gives the effect caused by a semicircular ridge on the bed of a stream of depth 
twice the radius. From this point of view the diagram may be compared with 
that given by Kelvin* for a small obstruction on the bed of a stream of finite 
depth. 

* Kelvin, ‘ Math, and Fhys. Papers,’ vol. 4 , p. 206. 

VOL. OXV.—A. T 
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Kg. 2 shows the corresponding curves for a vertical doublet, calculated from 
(14) for the case (16); the doublet is at the point C. Here, again, the broken 
curve shows the cosine term of the solution to which the disturbance 
approximates. 

Wc may also regard this as an approximate solution for the flow of a stream 

i -1-- 7 * 1 1 \ t' i 




over a bed of a certain form. This is obtained by taking the zero stream-line 
for the combination of the uniform stream and a vertical doublet at C under the 
conditions given in (IG); the equation of this curve is 

{y + 2a) + (y + 2a)*} + a** = 0, (17) 

and its form is shown in the figure. Fig. 2 may be compared with a graph given 
by Wien* for the case of a sudden small rise in the bed of a stream. 

It is interesting to note the general similarity of the surface elevation in the 
two cases shown in figs. 1 and 2; although the regular waves are given by a sine 
curve in one case and a cosine curve in the other, that is only because of the 
different position of the origin relative to the general form of the obstacle. 

Second Approadmation for Ciroulor Carder. 

4. We may now carry out further approximations for a circular cylinder in 
a uniform stream by the method of successive images. Reference may be 
made to fig. 3, which is not drawn exactly to scale. 

The image of the stream in the circle is a horizontal doublet M at the centre 
C. The image of M in the free surface is a doublet — M at the image point Ci 

, * W. Wien, * Hydrodynainik,’ p. 206. 




Images in Some Problems of Surface Waves. 


275 


together with a trail of doublets to the rear of G|. The image of this qrstem in 
the circle gives a doublet — Ma*/4/* at Cg, together with a certain lino distribu¬ 
tion of doublets on the semicircle on CCg. 

So the process could be carried on, but we 
shall stop at this stage. 

From the results already given, we could 
build up complete expressions for the velocity 
potential and surface elevation for each 
stage. It would be of interest to work 
these out graphically to compare with hg. 1; 
but the expressions soon become complicated 
and their evaluation difficult, especially for 
the immediate vicinity of the origin. We 
shall therefore limit the study to the regular 
waves established in the rear of the cylinder. We have seen that the regular 
waves of the first approximation, due to the doublet ca* at C, are given by 

rj 47i/Coa2e'"*“'8in ; a;<0. (18) 

We take the next stage in two parts. First wo have an isolated horizontal 
doublet of moment— m*/4/* at C 2 , whose co-ordinates are (0, -“/+«*/2/)* 
From (11) it follows that the contribution of this doublet to the regular waves 
is 

k^\ x<0. (19) 

Next we consider the line distribution of doublets to the rear of and its 
image in tha circle. Beferring to the results in § 2, there is at the point (^p,/) 
an elementary doublet of moment with its axis making an angle 

«oP — with the positive direction of Ox. The image of this in the circle is a 
doublet at the point whose co-ordinates arc 





-/+■ 


.2 _U A ft* 


the moment of the doublet is and its axis makes with 

Ox the angle 

2 tan-* (j>/2/) — kqP + iw. (21) 
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If, therefore, we wish to obtain the complete expression for this part of the 
surface elevation at a point in the range — «*/4/ < x < 0, we shoiild have to 
integrate with respect to p between appropriate variable limits. Wo shall 
consider only points to the rear of this range, so that the limits for p are 0 and oo . 
This being understood, the distribution of doublets on the semicircle CCj, 
contributes to the regular waves a part given by 

f " f / \ 

e />•+*/• coa |ko I ^ys ) 

-1- 2tan-’ ^ - K„p (22) 

Putting i> — 2f tan ^0, this becomes 

Yj — 2TOo®a*/'“^ g-*o/+<ru'»*/v (.Qg ^^ 3 . — g gjjj 1 ^ 0 ®), (23) 

wliere 

A = I c^^oB 0 ^ gin 0 — ^ t*an iO) dO, 

B — flin (0 + A sin 0 — A tan iO) r/O, 

with h = and k ==: 2 «o/* 

6, Tn the applications to be made, h and k are positive, h is less than unity 
and is usually a small fraction. In these circumstances, the integrals may be 
evaluated by expansion in power series of A. It can be sliown, after a little 
reduction, that wo have 

A = 2i:^L„+i; B = 2S^M„+,; (24) 

on! on! 

where 

f»/2 

= cos (2r^ — A tan 
Jo 

rir/2 

M, = I sin (2r^ —ibtan (26) 

Jo 

The quantities L and M may be evaluated in terms of known functions by a 
reduction formula. It can readily be shown that 

(r 4-1) Lf+i == kL/' — kL/ + rL,, (26) 

the accents denoting difierentiation with respect to i; or denoting this opera¬ 
tion by D, we have 

f! = (H)* - JtD - r -1) (AD* - AD - r - 2)... (AD* - AD) U. (27) 

The quantity M satisfies similar rolations. 
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Further, we have 

Lq =- COB (A tan d<h — 

Jo 

f ir/32 

sill (k tail {c-Hi («*) - c*/i (c-*)}. (28) 

u 

We shall find it necessary to go as far as the sixth term in numerical calcula¬ 
tion of A and B ; we therefore record to this order explicit expressions for L and 
M obtained from (27) and (28). 

Lj = 

Lj = -7r/fc(l-ii;)e-*, 

L3 = (3 - 6A -t- W) c~*, 

Li — ~ \-nk (3 — 9i -{- 6A® — A®) c"*’, 

Ls -= t'jTiA (16 - GOA -f COA* - 20A® -[ 2 A^) e’*, 

Le == - -i\nk (46 - 226A + 3001^ — 160A® + 30A* — 2A‘*) e~\ 

Mi = -Ac-*K(e*)-l-l, 

= A(l-A)e-%(e‘) -j-A, 

M3 = - JA (3 — 6A -t- 2A*) e-Hi (e*) -f J (1 — 4A f 2A*), 

Mt rr.- JA (3 - 9A 4- 6P - P) e-Hi (c*) + JA (6 - 6A 4- P), 

Ms - -i'kA (15 - GOA -I- GOA* - 20A* 4 2^*) (<5*) 

4 - I'j (3 -- 28A 4 - 44A* - 18P 4 - 2A*), 
Mg == -.SjA (45 - 225A 4 - 300P - l.WP ■{■ 30A^ - 2 P) e'Hi («*') 

-}■ i\k (93 - 198A I - 124A* - - 28P f 2A^). 

6 . The first case ue shall examine is that already discussed in § 3, a cylinder 
whose centre is at a depth of twice the radius. It has been remarked that this 
is an cxtroine case, but it has the advantage, as far .as the calculations are con- 
earned, of magnifying the difference between the first and second approxima¬ 
tions and so of lightening the numerical work involved. In the notation of the 
previous sections, we have 

/=2a; A = 2K^,/=4:t//Xo; A = itaa*/4/= A/32. (29) 

Collecting the terms in (18), (19) and (23), the regular waves established to 
the rear of the cylinder are given by 

Kj/o = 7 rAe“** sin jcc® — ^tiAc"*** sin 

4 - i’iiTtA*®"*** (A cos KuX — B sin leoi). (30) 

The first term is the first approximation, and tiio amplitude in this case has 
a maximum at A — 2, or when the velocity is such that the wave-length is 2izf. 
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We shall calculate the value of (30) for k equal to 10, 8, 6, 4, 2, 1 and 0'6, 
given in order of increasing velocity. Omitting the intermediary steps for the 
numerical values of the L and M functions, the following table gives the values 
of A and B, calculated from (24), for these values of k and with h — ^/32 in 
each case. 


k 

10 

8 

■1 

n 

2 

1 

0-5 

A 

0-021 

0-06-1 

0-204 


1-805 

2-311 

1-891 

B 

-0-418 

-0-622 

-0-716 

- 0-960 

-0-590 

0-668 

1-742 


The simplest form in which to show the diSerence made by the second approxi¬ 
mation is to express (30) in each case in the form 

v)/a = D sin ko {x + ^), (31) 

and compare it with the first approximation 

>]/« = C sin tcox. (32) 

A comparison of D and C gives the alteration in the amplitude of the waves; 
further, there is an alteration in phase expressed as a displacement of the crests 
to the rear by an amount 

In this form the final numerical values, for/ — 2a, are given in the following 
table:— 


el^{ga). 

C 

1 

D 

(la. 

0-63 

0-212 

0-263 

0-006 

0-71 

0 460 

0-668 

0-017 

0-82 ! 

0-939 

1-169 

U 060 

1-0 

1-701 

2046 

0-148 

1-41 

2-312 

2-.m 

0-468 

2 0 

1-000 

1-721 

0-600 

2-83 

1-223 

1-081 

0-695 


We see that the second approximation makes a considerable difference in 
the amplitude in this case; but it should be noted that, in addition to the depth 
being only twice the radius, the velocities ate relatively large, the wave-length 
at the lowest velocity being about times the depth. 
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The amplitude C has a maximum at the speed ^ (2^a); and it appears from 
the table that the second approximation increases the amplitude below this 
velocity and diminishes it at higher velocities. It seems that the rearward 
displacement, given by also has a maximum, amounting to about two-thirds 
of the radius of the cylinder. 

7. It is clear, from the form of the expressions for the surface elevation/that 
the accuracy of the first approximation increases rapidly as the depth of the 
cylinder is increased or as we take relatively smaller velocities. Without 
pursuing the calculations in this direction, we shall take one other case which is 
not quite so extreme as in the previous section. We take the depth of the 
centre to be three times the radius ; the data are now 

' / = 3a ; i - 2/co/; A - == klT2. (33) 

In this case, instead of (30), we have 

7]/a = aTcfe;”** sin kqX — sin #coa; 

+ cos fcoc — B sin /cqx). (34) 


The following table shows the values of A and B, with h = A/72, calculated 
for convenience at the same values of k as before :— 


k 

10 

8 

> 0 

4 

2 

1 

0-5 

A 

0-008 

0033 

0-137 

0-540 

1-747 

2-311 

1-898 

B 

-0-324 

-0-428 

-0-626 

-0-911 

-0-644 

0*663 

1-732 


With the same notation as in (31) and (32), the results are given in the 
following table:— 


el^(ga). 

C 

D 

«/a. 

0-77 

0-141 

0-149 

0 001 

0-87 

0-307 

0*329 

0 006 

1-0 

0-U26 

0-677 

0-024 

1*22 

1-134 

1-222 

0-088 

1-73 

1-541 

1-558 

0-205 

2-45 

1*270 

1-214 

0-409 

3*46 

0-816 

U 802 

0-324 
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The calculations were made for the same values of h ; and as we have taken 
^/{ga) 08 the unit of velocity, we get a different set of velocities, but they cover 
much the same range. We notice that the decrease of the ratio a//from J to J 
has diminished considerably the difference between C and D, and also the dis¬ 
placement E. The rcaulta have the same general character as we noted in 
the previous case. 

In any given case there are two significant ejuantities involved: one is the 
ratio of the radius to the depth and the other is the ratio of the wave-lengtli 
to the depth. Tt would require a more elaborate numerical study than has been 
attempted here to <'uable us to state precisely the degnse of accuracy of the 
first approximation for given values of these ratios. 


The Emission of Soft X-Rays hy Different Ehrne'nis, 

By 0. W. RicirARDSON, F.R.S., Yarrow Research Professor of the Royal 
Society, and F. S. Robrrtson, M.I.E.E., Senior Lecturer in Electrical 
Engineering, King's College, London. 

(Received May 9, 1927.) 

In a paper by Richardson and Chaikin* it was shown that the eflScioncy 
of different elements as emitters of soft X-rays increased with increasing atomic 
number of the respective elements far less rapidly than does the corresponding 
property for ordinary X-rays. Whereas the efficiency for the latter is propor¬ 
tional to the atomic number, it was found that the efficiency for soft X-rays 
was roughly proportional to the square roots of the atomic numbers for the 
elements tested. The experiments were confined to the four elements carbon 
(At. No. 6), iron (26), nickel (28) and tungsten (74), and were spread over a long 
period of time, during which various changes were made in the apparatus. 
They were neither primarily intended nor well adapted to investigate with any 
accuracy the comparative efficiency of different sources of the rays. Accord¬ 
ingly, the apparatus described in this paper has been constructed. By means 
of it, six elements can be tested in quick succession under similar conditions 
without opening up the apparatus. We have tested the 14 elements tabulated 
below. These are all that we have been able to obtain which are sufficiently 


* * Roy. Soo. Proc,,* A, vol. 110, p. 273 { 
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refractory to stand purification by high vacuum boriibiirdmcnt and which wc 
have been able, by one means or another, to form into plates or sheets of the 
requisite size. 

As a result of these experiments it is quite clear that the efficiency for soft 
X~ray emissio7i is a 'periodic function of the atomic nu7nbeTy like other phenomena 
which depend on the superficial electronic distribution. 

The apparatus ustnl in th(*se experiments consisted of a quartz containing 
vessel, the details of which am shown in fig. 1. In this wore mounted two 
filaments, the structure supporting the targets, a pair of nickel condenser plates, 
a nickel photoelectric plate around which was an electrode of the same metal 
to catch the electrons emitted from it, and an earth shield, also of the same 
metal. 

It was so arranged that six targets could bo experimented upon each under 
precisely the same conditions without opening the tube. The dimensions of 
each target were 2 cm. by 1 cm. by 0*1 cm.; they wore hold in a lantern-like 
structure made of molybdenum, details of whidi arc shown in fig. 2. The 
targets were all interchangeable and were fitted in position between parallel 
molybdenum rods 0*1 cm. diameter, by moans of veitical grooves cut in their 
edges to fit the rods; a hexagonal molybdenum cap fitted down against 
shoulders on the top ends of the rods and held the whole in position. 

The lower hexagonal plal/C of the lantcrn-likc structure was drilled in the 
centre and riveted against a shoulder on the top of a central nickel rod which 
supported it. Tl'he low(»r end of this rod was drilled out to a fairly good fit 
on a long brass rod fixed to a stopper at the bottom of the quartz apparatus; 
this formed an axis about which the whole structure could be turned so as 
to present each target iu turn to the working filament. Six equally spaced 
grooves in the lower part of thii nickel rod and a pin iu the side of the brass 
rod mode it possible for one to be quite sure that each target in succession 
could be placed in precisely the same position relative to the working filament 
and the other parts of the apparatus. The targets could be easily moved around 
by means of an external electromagnet, which acted upon two short soft iron 
rods fixed to the movable structure as shown. 

By removing the stopper at the bottom of the apparatus the whole structure 
supporting the targets could be taken out, fitted with now targets as desired, 
and put back again without disturbing either of the filaments. 

The vessel was very carefully exhausted and its contents freed os far as 
possible from gas by an efficient mercury vapour pump suitably backed. 
During this process the vessel itself was heated externally and the targets were 
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Fio. 1.—Apparatus. 


Fio. 2.—Target and Holder. 
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repeatedly raised to a rod hoat by bombarding them at 560 volts from the 
filament F mounted inside the ring of targets as shown in fig. 1. The filament 
F was used for this purpose only, and being placed inside the ring of targets 
it did not contaminate the working faces by the tungsten vapour given oS at 
the high temperature necessary for bombardment. 

All the observations recorded in this paper were taken with the same working 
filament at H, which, after having been oifco thoroughly cleaned up, was always 
used at a comparatively low temperature and did not seem to produce any 
appreciable contamination of the working faces of the targets. 

Two liquid air traps were employed and the McLeod gauge, used for roxigh 
measurement of the pressure, together with the final glass tap, were inserted 
between those. By this arrangement, the mercury vapour from the McLeod 
gauge, together with any vapours from tap grease, etc., were effectively cut off 
from the apparatus by a liquid air trap containing charcoal. The pressure in 
the apparatus itself was estimated from time to time by altering the electrical 
connections in such a way as to convert it into a sensitive ionisation gauge. 

A diagram of the electrical connections used is shown in fig. 3. The value of 



the target voltage used was measured on the voltmeter A and was the voltage 
between the negative end of the filament and the target. The thermionic 
current passing to the target was measured by the microamperemeter B. 

The X-zadiation was recorded by means of the photoelectric current produced 
when the beam of X-radiation fell upon a nickel plate connected to the insulated 
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quadrants of a Dolezalek electrometer, the rate of change of potential and 
the capacity of the system being measured in the usual way. The beam of 
X-radiation was made to pass between two condenser plates C and D before 
impinging on the nickel plate, the condenser plate C was at earth potential 
and D at 176 volts negative to earth. By a preliminary experiment it was made 
clear that no measurable current due to electrons or positively or negatively 
charged ions could pass through the condenser thus charged to the photo¬ 
electric plate E. 

Targets were prepared from samples of 14 different elements; and as only 
six could be placed in the apparatus at any one time, they were grouped as 
follows: “ 


Ist group. 


Carbon 

6 

Iron 

20 

Nickel 

28 

Molybdenum 

42 

TungHten 

74 

Platinum 

78 


2nd group. 

Chromium 

24 

Manganoso 

25 

Iron 

26 

Cobalt 

27 

Nickel 

28 

Copper 

- 29 


3rd group. 


Silicon 

14 

Copper 

Molybdenum 

20 

42 

Palladium 

46 

Silver 

47 

Gold 

79 


The numbers following the names of the elements are their respective atomic 
numbers. 

It will be noticed that group 2 and group 3 each contained two targets which 
had previously been experimented upon; this was done in order that they 
could be used in comparing one set of experiments with another taken perhaps 
some weeks afterwords, it having been necessary in the meantime to open up 
the apparatus and re-exhaust it. 

In each experiment the thermionic current producing the X-radiation was 
measured and also the photoelectric current produced by a definite portion 
of that X-radiation when it fell upon a nickel plate. 

The ratio (^) was noted and is shown plotted against 

Thermionic Current \%t/ 

Atomic Number for typical sets of observations picked from many which 
were taken on each group. 

Figs. 4, 6 and 6 show the results obtained with 300, 400 and 600 volts 
potential difference exciting the X-rays respectively. The general nature of the 
results for the different elements is very much the same for each voltage, the 
main difference being that the ratio ip lit increases, for each element, at the higher 
voltages and, in fact, for a given element it is approximately proportional 
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to the voltage. In a given group of the periodic table the ratio is highest near 
the middle of the group and falls fairly steadily as the beginning of the next 
group is approached. This happens for each of tlie groups Cr to Cu, Mo to Ag 
and W to Au, and the values for the elements C and Si, both of which are at the 
middle of a group of the periodic table, seem high. Thus, the et&cicncy found 
for Si is higher than that of any of the elements tested, except Cr and Mo, 



Fio. 4. 



Fig. 5. 

and although the value found for C is low absolutely, it is nevertheless practically 
the same as that found for Au, the element of highest atomic weight of any 
which have been tested. 

The only group for which we could obtain a run of consecutive elements is 
that of Cr, Mn, Fe, Co, Ni and Cu. The results for these at 100, 200, 300, 400 
and 600 volts are shown in iig. 7. It appears that the fall in efficiency as the 
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atomic numbw increases is not a steady one, but one which oscillates. Thns 
the ratio for manganese was always found to be less than that for iron, and the 
value for cobalt was loss than the average of the values for iron and nickel 
The present results partly crystallise and partly modify the conclusions 
drawn by Richardson and Chaikin. The inference that the efficiency is pro¬ 
portional to the square root of the atomic number of the elements was evidently 
based on inadequate data and must be abandoned. The conception of the 
phenomena as dominated, to a first approximation, by a reduced “ effective 
atomic number" may still be regarded as valid, with the effective atomic number 
a periodic function of the actual atomic number. If we denote the effective 
atomic number by Ne, and, as on page 278 of the paper by Richardson and 
Challdn, carry out a computation of the product oNe, where a is the number 
of electrons ejected from the nickel photoelectric detecting plate per unit 
quantum of soft X-radiation incident on it, we obtain the numbers in the last 
row of the following table;— 

Table 1. 


Elemeat 

. . 

C 

Si 

Cp 

Mn 

Fe 

Co 

Ni 

Cu 

Mu 

Pd 

Ar 

W 

Pt 

Au 

Atomio No. 


0 

u 

24 

25 

26 

27 

28 

29 

42 

46 

47 

74 

78 

79 

aNe 

"2T 

- 

51 

i 

6*42 

4-70 

5-32 

503 

4«85 

410 

7 16 

4-68 

4>15 

5*36 

5'08 

3-57 


The values of oiNe (here designated by aNe/2p, see below) for C, Fe, Ni and W 
are appreciably higher than those found by Richardson and Chaikin, viz., 
for C, 0-87, for Fo (2‘32), for Ni 2*11 and W 3*47. There seems no doubt 
that the present values are the tight ones. Similar values wmt obtained on 
a number of occasionB after various ohemges in the apparatus. The pressure 
was measured by the ionisation gauge method and was alwajrs less than 
3 X 10~^ mm. The difference may be due in part to the fact that Richardson 
and Chaikin used a copper photoelectric target, whereas we used a nickel one, 
but preliminary tests (unpublished) by Miss L. P. Davies have shown that there 
is no radical difference between the results from copper and nickel photo- 
deotrio targets in this fidd. We wore prevented from making tests witii a 
copper photoelectric target in out apparatus owing to an accident. Another 
likely reason for part of this discrepancy is that in the present experiments the 
rays were investigated in the direction of the normal to the target instead of 
at 45* to it. 

If we write the {ffiotoeleotiio current ip as 

ip sm ane, 


( 1 ) 



288 


O. W. Richardson and F. 8. Robertson. 


whero ‘‘ n ” is the number of quanta of radiation incident on the target in unit 
time and “ e the electronic charge, and assume that the average value of the 
energy of a quantum of the X-radiatioii is pcV, where “ V ” is the primary 
voltage on the tube and p is a])proximately independent of V, the energy of 
the X-radiation which gives rise to the photoelectric current is 

npeV = p/a . ipV. (2) 

Tf the electronic current to the anticathode is ie, the energy liberated per electron 
impact on the target is 

(3) 

a le 

Hero “ A ” is the area of the effective part of the anticathode, ‘‘ h ” the distance 
of the condenser plates apart, “ b their breadth, “ d ” the distance of the 
anticathodo from the farthest, and “ x ” from the nearest, end of the condenser 
plates.* A number of values of ip/ic divided by “ V ” (in electrostatic 
units) are given in Table IT. 


Table IT.—Values of ipjie V in E.S. Units at Different Voltages. 


Bate. 

At 100 volte. 

At 200 volte. 

At 300 volte. 

At400ToIti, 

At 600 volte, 




Carbon (6) 



B. 

Februaiy 6th 


_ 

2-288 

2-348 

2*31 

A. 

.. 6th .... 

2-686 

2-467 

2-461 

2-46 

2-432 

A, 

„ 11th 

2-49 

2-408 

2-387 1 

2*284 

2-613 




Smeon (14). 




MMoh 28th . ... j 

— 

— 1 

1 3*827 

3-866 

3*899 


1 


Chromium (24). 



A. 

March llth 

3167 

3-896 


4-87 

4-302 

B. 

„ nth 

— 

— 

4*124 

4-126 

4-30 


M 16ih 1 

— 

— 

4*16 

4-061 

4-037 




Ifaii^anere (26). 




Haieh 8th 


..... 

3-064 

_ 


A. 

nth 

2-617 

3-138 

3*098 

3-339 

3-384 

B. 

„ nth 

— 

— 

8-824 

8-42 

8-671 


„ Wth 

— 

— 

3-038 

8*188 

3-108 




Iron (26). 



A. 

Febnwfy 6th 

3-10 

2-89 

3-266 

3-13 

3-44 

B. 

.. 6th .., 

— 


3*32 

3*24 

3-48 

A. 

„ nth 

2*866 

2-866 

3*166 

— 

— 

A. 

March llth.... 

2.718 

— 

— 

— 

— 


„ loth .. 

1 — 

— 

3*186 

3*30 

3-403 


* Ffir details, see Richardson and Chaikin, loc, ctY., p. 274, 
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Maroh 8th .. 

„ nth . 
„ nth .. 

I6th . 


February 6th 

M 6th 

» iitu 

n 11th 

March 8th 
» 11th 
„ 16th 


Maroh 8th 

.. nth 


February 6th 
„ 6th 

nth 

Mai^ 28th 


March 28th 


Maroh 28th . 


February 6th 
6th 

•• nth 


Febmary 6th 
„ 6th 

M nth 


Maroh 28th. 


Table II.—continued. 


At 100 volts. At 200 volts. At 300 volts. At 400 volts. At 600 volts. 


GobaU (27). 


Nkkd (28). 


Copper (29). 


2*6 

(approx.) 


Motybdenum (42). 


PaUadium (46). 


aUvtr (47). 


Tungdtn (74). 


Platinum (78). 


OM (79). 



Th e figores opposite the same date and the same letter A or where suoh a letter is assigned, 
OMesnuid to Uie same set of readings in whloh there was relati^y little change in the woilcfaig 
eondlUoiiB of the apparatus. Thhy are more reliable for comparing the differnt dements than 
Agues sdeoted indisiiriniinatdy. On the other hand, the mpnbers as a whole are thought to 
a fair idea of the rdiability of the abeolate values. The single sets of numbers assigned to 
, palladium, silver and gold do not nst alone, but are supported by other meMures which 
am niDstantlally the same ^ues in terms of molybdenum sma copper, but values which arc 
about 18 per cent, higher for all dx dements. These abeolute numbers are affected by an error 
mid have not bm indnded. 

VOL. OXV.—A. tJ 
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The numbers for ip/ie V are not very different for the different voltageSi 
showing that p is approximately independent of “ V.” The further elucidation 
of the data is impossible with any certainty in the present state of the subject 
owing to our ignorance of the quantities a and p. Some experiments made 
about two years ago by one of us (O.W.R.), in collaboration with Mr. A. A. 
Newbold, indicated that most of the photoelectrons had an amount of 
energy much less than that which corresponded to the primary voltage. 
These results were not published as it was not found possible to eliminate 
satisfactorily the complications arising from secondary and reflected radia¬ 
tions which are present with the stopping potential method which was 
used. This ambiguity has been overcome by Mr, E. Rudberg* by using a 
magnetic deflection method of analysing the velocity distribution among the 
ejected photoelectrons. In this way he has been able to avoid the troublesome 
secondary effects, and the results show that with a carbon anticathode and 
a copper photoelectric detector some 70 per cent, of the photoelectrons have 
energies not exceeding about 10 volts with 700 volts on the tube. This result 
may mean either that (1) the X-ray quantum generated at the anticathode 
may have an amount of energy comparable with that corresponding to the 
voltage on the tube, but that, owing to various possible transformations, this 
may give rise to the emission, not of one electron with the corresponding 
energy, but to a number of electrons with lower energies at the photoelectric 
surface. Simonsf has shown that something of this kind occurs with ordinary 
X-rays. In this case the value of a might be greater than unity. Or (2), the 
X-rays generated at the anticathode may have a low average frequency com¬ 
pared with eY/h, where “V” is the tube voltage. This would correspond 
to a value of 2p less than unity. Of course, both complications may occur with 
the possibility a > 1 > 2p. 

The only direct way to unravel these factors w'ould appear to involve grating 
methods, and the prospect of success with them at present is not encouraging. 
In any event it is interesting to observe from Table 1 that if a/2^ is of the order 
unity, the values of Ne (the reduced value of the nuclear charge which is necessary 
if Kramer’s theory of X-ray generation is to apply to these soft X-rays) are 
sunilar to the numbers of electrons in the various atoms which have negative 
energies comparable with the energies of the electrons falling on the anticathode* 

We wish to acknowledge our indebtedness to Prof. W. T. Gordon, who very 
kindly cut some of the more difficult specimens for us. 

* * Nature.* p. 704, May 14th, 1927. 

t L, Simons, ‘ Proc. Phys. Soc. London,* vol. 37, p. 33 (1926). 
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On the Nolure of W if dess SigncA Variations —1. 

By E. V. Appi*eton, M.A., D.Sc., F.R.S., Wheatstone Professor of Physios, 
King’s College, London, and J. A. Ratoliffe, B.A., Clerk Maxwell Student, 
Cavendish Laboratory, Cambridge. 

(Received May 30, 1927.) 

[Plate 6.] 

1. Introduction. 

In a recent communication* two experimental methods of investigating the 
atmospheric deflection of electric waves have been described. In one of these 
methods interference phenomena, which take the form of a succession of signal 
maxima and minima at the receiving station, are artificially produced by a 
small continuous change of transmitter wave-length. From the study of these 
phenomena information relating to the path difference and relative intensities 
of the ground and atmospheric waves may be deduced. In the second type of 
experiment the angle of incidence of the down-coming waves is deduced from 
an examination of the electric and magnetic vectors in the stationary inter¬ 
ference system produced at the ground by the waves incident from above and 
reflected at the earth's surface. In a more recent communicationf some 
further results, obtained by means of the “ wave-length change " method, have 
been described, which indicate that the variations of signal intensity produced 
at moderate distances from a continuous-wave transmitting station are due 
to the variable nature of the rays returned from the upper atmosphere, and not 
to slight variations of transmitter wave-length. In this second communica¬ 
tion, however, certain points were left unelucidated. For example, it was 
pointed out that the wave-length change experiments gave us no information as 
to the relative importance of the parts played by changes in intensity, phase 
polarisation, or angle of incidence of the downcoming waves in producing the 
ordinary nocturnal signal variations. 

The development of the second type of experiment mentioned above (in 
which the electric and magnetic vectors of the stationary interference sjrstem 
produced at the ground are examined) has yielded considerable information 
on these and allied points, and it is with these developments that the present 
communication deals. The refinements in the technique of the original 

• • Roy. Soc. ProoV A, vol. 100, p. 621 (1026). 
t ‘ Roy, Soo, Proo.,’ A, vol. 118, p. 460 (1026). 
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experiments may be grouped under three heads. In the first place, we have 
employed automatic photographic registration for recording the galvanometer 
deflections corresponding to the magnitudes of various vectors. Such regis¬ 
tration is specially useful when simultaneous records of the variations of any 
two vectors ate requited. 

Secondly, by using a combination of a loop and vertical antenna, such as is 
used in oommcicial practice for a different purpose,* it has been found possible 
to eliminate the effects of the ground ray at the receiving station. With such 
a system it is possible to receive only the rays deviated by the upper atmosphere 
and to investigate them independently. For convenience, such an arrangement 
has been named the “ suppressed ground-ray system.” 

Thirdly, the study of natural “ fading ” has been supplemented by experi¬ 
ments in which fading is artificially produced by small continuous changes of 
transmitter wave-length. In such experiments the signal variations ate 
definitely due to changes in the phase-difference between ground and atmospheric 
waves, and not to changes of relative intensity. In this way a difficulty, which 
is inherent in the study of natural lading by means of the ordinary signal- 
strength measurements, is removed, for with natural signal variations we are, 
in general, unable to distinguish between changes brought about by variatioiu 
of phase and by variatiorm of intensity. 

The experiments to be described fall roughly into two series. The first 
series is concerned with the determination of the angle of incidence of the down¬ 
coming waves, and the second with the direct investigation of these waves by 
means of the suppressed ground-ray system. These are described in Parts I 
and II respectively. To prevent repetition, the general experimental details 
relating to both series of experiments and the theoretical ideas underlying them 
have been grouped together in Sections 2, 3 and 4 of Part I. The bearing of 
the results obtained on the general problem of the nature of fading is discussed 
mainly in Section 2 (c) of Part II. 

2. Factors Ooveming Choice of Expermenial Conditions. 

The earlier experiments, in which the electric and magnetic fences due to 
the downcoming waves were compared, were made at Oambridge, using the 
signals from the London (2L0) transmitter. In that case it was found that 
the effect of the atmosiflieric waves relative to that of the ground wave was 
small. Observations on signals received from more distant transmitters 

* Such a oombination is used for wirekss direction finding without bilatoral amblgaity^ 
slnoe it possesses a polar reoeptkm sensitivity diagram of oardioid form. 
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showed that, as the distance of transmission was increased, the effect of the 
atmospheric waves, compared with that of the ground wave, increased, so 
that, at a certain distance, the vertical electric force produced by the down¬ 
coming waves was equal to that of the direct wave, resulting in a complete 
absence of signals when the two were out of phase. This <'ritioal distance of 
maximum signal variation is found to vary widely, indicating a somewhat 
large variation in the '‘reflection-coefficient” of the ionized layer, but for 
a wave-length of 400 metres it is roughly 100 to 160 miles.* In the present 
series of experiments it was considered desirable to work at such a distance 
that the ground ray was always the stronger, and yet such that marked changes 
of signal intensity were experienced. Since two transinitiers (the London 
Broadcasting Station and the National Physical Laboratory transmitter) 
were available in Tiondon, the receiving station was moved from Cambridge 
to Peterborough, thus increasing the distance of transmission from 55 to 78 
miles. This distance has proved satisfactory, in that only on rare occasions 
have the downcoming waves been sufficiently strong enough to interfere 
completely with the ground waves and cause the signal intensity to fall to zero, 

3. The Transmitting and Receiving Stations. 

Most of the observations have been made on the ordinary transmissions 
from the London (2LO) Broadcasting Station, but special early morning 
transmissions of unmoilulated waves from this station have been used in 
experiments carried out during the sunrise period. The National Physical 
Laboratory transmitter (5HW) has been used for the specially controlled 
experiments, in which the wave-length is continuously varied. The wave 
lengths used have been 365 metres (2LO) and 400 metres (6HW). A reference 
to the shape of the aerial system of the 2LO transmitter will be made later. 

The aerial systems of the rcA civing station at Peterborough were as follows :— 

(a) A vertical aerial, 16 metres high, at the top of which was situated a 
symmetrical wire cage to increase the capacity to earth. This aerial 
system was used in conjunction with an earth consisting of buried metal 
plates; 


* Some other experiments indicate that this distance of maximum fading Taries with 
wave-length, being greater the greater the wave-length. For example, maximum fading 
of the signals from Daventry (wave-length 1,000 metres) is found about 400 to 000 miles 
from the transmitter. 
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{b) a large loop aerial consisting of a single turn of wire* in the form of a 
triangle. This loop was situated in the vertical plane containing the 
transmitting and receiving stations; 

(c) a vertical loop aerial similar to (6), but situated with its plane at right 
angles to the direction of transmission. 

The two loops were arranged with their vertical axes of symmetry coincident, 
and the vertical wire aerial was situated along this axis, as shown in fig. 1. 
In this arrangement there is no magnetic coupling between any two of the 
three aerial systems. To eliniinato “ antenna effect ” when using the loops as 
tuned receivers, the circuits were completed as indicated in fig. 2. The loop 




in each case was coupled to its amplifier by means of a transformer with the 
primary earthed at its mid-point. When the transformer was the only coupling 
between the aerial system and the amplifier it was shielded as shown. If the 
linkage was effected by way of a closed tuned circuit, the shielding was usually 
dispensed with. To keep conditions 8}rmmetrical with respect to the earthed 
point, the loop was tuned by means of two equal condensers, 0^ and C|. When 
the loop was used in the untuned state the circuit was similar, except that 
the condensers were absent. 

The following amplifiers and recording apparatus were used in conjunction 
with the aerial sjmtems. 

* A luge single-tuni loop was used in preferenoe to a smaller loop of many turns beoause 
ol the greater reception effiowniqr and comparative freedom from “ antenna effect ” of the 
formu. 
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(a) For transmisBions on a constant wave-length a two-stage neutrodyne 
high-frequency amplifier was used. To the anode circuit of the second 
stage of this amplifier was coupled a coil in sene-s with a stable crystal 
detector and a reflecting moving-coil galvanometer. The galvano¬ 
meter deflections were pliotographically recorded on a Cambridge 
Drum Camera. Reconls taken during the day-time showed tliat the 
amplifier was quite constant over the time (usually half-an-hour\ 
required to obtain a photographic reconl of signal variations. Very 
frequently simultaneous records were made of the signals obtained 
on two-different aerial systems. In such cases it was found possible 
to prevent inter-action between the two amplifiers by enclosing one 
of them in a box lined with galvanised iron and earthing suitable points 
of the circuits. In each series of experiments a test was made to ensure 
that no inter-action was taking place. The deflections of the two 
galvanometers were recorded simultaneously on the same drum. 

(ft) For the special transmissions in which the transmitter wave-length 
was continuously varied through a small range a resistance was inserted 
in the aerial tuning circuit and a transformer-coupled high-frequency 
amplifier was used. This amplifier, the transformers of which were 
wound with resistance wire, was kin<lly loaned to us by Captain H. G. 
Round of the Marconi Company. The anode circuit of the last stage 
was coupled to a stable crystal detector and Einthoven string galvano¬ 
meter. When it was necessary to know the law of overall-response of 
the acrial-amplifier-galvanometer assembly a calibration was effected 
by inserting electromotive forces of known relative magnitude into the 
aerial circuit. 


4. General Theoretical Considerations. 

The theoretical considerations underlying the study of duwncoming waves 
by examining the stationary interference system at the ground have already 
been given,* and we need only recapitulate the results here. The relevant 
details are best illustrated by reference to fig. 3, which is drawn in the plane of 
propagation (V.6., the vertical plane containing the transmitting and receiving 
stations). 

Let 0 be the site of the receiving station at which a ground wave (electric 
and magnetic vectors Eo and Ho respectively) and a downcoming wave 
(incident at angle ii) are received. The downcoming wave may be resolved 

* Appleton and Barnett,' Eleotrioion,’ vol. 95 p. 678 (1925). 
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into two components, one (E^, H^) with electric vector in the plane of propagation 
and the other (£/, H/) with electric vector perpendicular to this plane. We 



shall call these, following Eckeisley, the normally and abnormally polarised 
components respectively. Then the electric and magnetic forces at 0 may 
be written as follows:— 

E, = 0, H* = Ho sin pi + 2Hi sin (pi + 0) 

E, = 0, = 2Hi' cos ii sin (pi + 0') 

E, — Eo sin pi + 2Bi sin h sin (pi + 0), H, = 0, 

where p is the angular frequency of the waves and 0 and 0' represent the phase 
differences between the ground wave and the normal and abnormal components 
of the downcoming wave respectively. The nature of the downcoming waves 
at any instant is, therefore, specified in terms of the quantities Ej (or Hj), 
E/ (or H/), tj, 0 and O'. Now the three aerial systems which have been des¬ 
cribed above, namely vertical aerial, loop in the plane of propagation and loop 
at right angles to the plane of propi^ation, ate acted on by electromotive forces 
which are proportional to the three vectors E„ H, and Hy respectively. It 
is, therefore, necessary to devise experimental methods which will yield most 
directly information relating to the variation of the quantities specifying the 
downcoming rays in terms of the observable rignal magnitudes E^, H, and Hy. 

In the experiments involving the simultaneous recording of the signals 
received on two aerials it is, of course, essential that the field acting on one 
of the aerials should not be distorted by the presence of the other. But the 
distortion of an incident field is merely the effect of the superposition on the 
incident field of the re-radiated field firom the distorting antenna. We can, 
tiietefote, be certain that the field incident on one aerial is not distorted by the 
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presence of another aerial if we arrange, as in the present experiments, that 
the two aerial systems have no appreciable magnetic coupling. 

5. Measurmmt of the Angle of Inddetice of the Downcaming Wavee. 

Two methods have been employed for measuring the angle of incidence of 
the downcoming waves. The first (method (i)) is a direct development of 
that which has already been described.* The second (method (ii)) has been 
develojied to supplement and also to overcome certain difficulties inherent 
in method (i). The two methods arc described immediately below. 

(a) Method (i).—In these experiments the vertical aerial and loop in the 
plane of propagation have been used. The amplifier coupled to the vertical 
aerial is acted on at the input end by an electromotive force of amplitude 
KjJ&x where is a constant depending on the aerial circuit and 

= E* = \/Eo® + 4Ei^ sin* n + 4EoEi sin ii cos 0. (2) 

Now the amplitude of the electromotive force developed in the loop is propor- 
d 

tional to (H,), but oince in an electric wave the electric and magnetic forces 
at 

are proportional, 

^ (H,) = Hop cos p< + 2Hip cos (jrf + 0) = A.p [Eo sinpi + 2Ei cos (jrf + 0)]> 

wE 

where X; is a constant. The amplitude of the electromotive force impressed 
on the input end of the loop amplifier is therefore Ki^Ei, where 

Ej, = ^/Eo* 4" 4Ex* "I" 4EoEi cos 0, (3) 

and Kx, is a constant the value of which is partly determined by the loop circuit 
constants. 

Let us now consider the case; in which the signal variations AE^^ and AEi, 
due to the downcoming waves are small so that Eq* ^ Ej^. As a first approxi¬ 
mation, therefore, (2) and (3) become 

Ejx = Eg + 2Ei sin t'l cos O'! 

and I. (4) 

Eji, = Eg 4“ 2£| cos 0 J 

Now the small variations AEa end AEj, may be due to changes of intensity or 

* ‘ Roy Soo. A, vbl. 109, p. 021 (1925). See alao Smith-Rose and Barfield,' Roy. 
Soo. Proc.,’ A, vol. 110, p. 680 (1920). 
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of phase of the downcoming wave, and if we suppose that, in the general case, 
both these changes ate taking place, we have 

AEa ~ Bin (2 cos 6AEi + 2EiA (cos 0)) 

AE^ ~ 2 cos 6AEi 2ExA (cos D) 

Thus whether the small changes of received signal strength are due to clianges 
of intensity or to changes of phase of the downcoming wave we may write 



AEa 

AEl 


sin ti. 


( 6 ) 


In the present series of experiments the vertical aerial and the loop in the 
plane of propagation were arrangec] so that each could be switched on to cither 
of two neutrodyned amplifiers, suitably shield ed. The assembl ies were ad justed 
so that, in the da}rtime, when the downcoming waves are of negligible intensity 
for the wave-lengths employed, the same galvanometer deflection was obtained 
when either amplifier was connected to the vertical aerial or to the loop. It 
may be shown* that, with this adjustment, the ratio of the departure AA of 
the night time signal current from the day-time value on the vertical aerial 
set, to the similar departure AL on the loop set is given by 


AA 

AL 


AEa • 

- ■ = sin . 
AEl 


(7) 


Simultaneous photographic records were made of the natural signal variations 
on the loop and on the vertical aerial. At intervals of about three minutes the 
aerial systems and amplifiers were interchanged .f Since it is essential that 
there should be no inter-action between the two systems, tests were made using 
the steady day-time signals to verify that the presence of a signal in one system 
produced no effect on the galvanometer deflection on the other. 

(6) Method (ii).—As previously mentioned, method (i) is only applicable 
when the signal variations are small. It has only been possible to use it at 
Peterborough during the sunrise and sunset periods or in mid-night periods when 
the variations were abnormally small. 

It will readily be seen from (2) and (3) that we may obtain similar results 
with large signal variations if it may be assumed that is constant and that 
the variations are due solely to changes in 6. Such conditions will obtain if 

* Viiit * Boy. Soo. Proc.; A, vol. 109, p. 632 (1625). 

t A more detailed examination of the problem shows that any differonoe in the two 
amidifler oharaoteristios may be allowed for by taking the geometrio mean of the mtdts 
obtained before and after interohanging the amplifiers. 
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we produce the signal variations by rapidly and continuously changing the 
^transmitter wave-length through a small range. Such a wave-length change 
produces what may be termed “ phase maxima and minima ” in both aerial 
systems. 

Now the electromotive forces acting on an amjdifier connected to vertical 
aerial or loop are and respectively. At a phase maximum cos 6 
is unity so that 

KaEa — Ma == Ka (Eq + 2Ei sin ii) ^ 
and k (8) 

KlEl “ Ml = Kl (Eo “f- 2 Ei) J 


while at a phase minimum 

KaEa “ w^A ” Ka (Eq — 2Ei sin 
and 

KlEi, = “ Ki, (Eo — 2Ei) 


where 


*A + W»a/ • 


Ml, — >»I. 


= Sill ?1, 


■Ma + wa Mi, 4 ♦»! 


(9) 

( 10 ) 


are respectively the fractional changes in the input electromotive forces acting 
on the amplifiers connected to the vertical aerial and loop. 

For determinations of the angle of incidence by this method the flatly-tuned 
amplifier, in conjunction with the Einthoven galvanometer, was arranged 
so that it could be switched alternately to the vertical aerial or to the loop 
circuits in rapid succession. Photographic reconls were made of special 
signals transmitted from the National Physical Laboratory. The usual type 
of transmisaion consisted of continuous changes of wave-length of 10 metres 
(on a mean wave-length of 400 metres) made in about five seconds, with 
intermediate steady dashes lasting about two seconds.* The amplifier was 
connected alternately to the loop and vertical aerial. When using this method 
the changes of electromotive force are not necessarily small, and they cannot 
be taken as proportional to the variations in galvanometer deflection. The 
galvanometer scale was, therefore, calibrated in terms of input electromotive 
force immediately after taking each record. 

(c) Ex/pennunkA ReavUts .—The photographic records obtained by method (i) 
all showed in a striking way that the natural night-time signal variations are 

* Tdephoiuo oommunkation between the transmitter and receiver wae used for control 
pur p occe. 
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greater on a loop than on a vertical aerial. This is illustrated by a sample 
record shown in fig. 4 which shows simultaneous signal variations on both 
systems. The galvanometer deflections are measured in opposite directions. 
The zero line for each galvanometer is marked on the figure, that for the upper 
curve being at the top of the record and that for the lower curve being at the 
bottom. To test for any possible difference in the two amplifiers the sets 
were interchanged half-way through the record. Fig. 4 has been chosen to 




-^Time 

Fig. 6.—- Signal Variations on Aorial and Loop, 6.30 a.m., September 30,1926. 


illustrate the relative values of loop and vertioal aerial signal variatioDs* It 
is an example of conditions when the variations are too large to admit of the 
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deduction of the angle of incidence of the downcoming waves hj method (i). 
Pig. 6 shows the kind of record of similar type which is suitable for purposes 
of calculation. Each record lasted six minutes, the sets being interchanged 
after three minutes. 

Plate 5a is a sample photographic record obtained by method (ii). It shows 
the signal variations due to a wave-length change at the transmitter, as the 
amplifier is switched alternately to the loop and vertical aerial. The record 
shows the signal current as a function of the time during six wave-length 
changes of 10 metres each, on a mean wave-length of 400 metres. There 
was a slight pause between each wave-length change which is indicated by 
the steady signal current. The speed of the camera paper was such as to 
make the record shown last 20 seconds. It is seen that the amplitude of 
the interference " fringes ” is always greater for the loop than for the vertical 
aerial. It is interesting to note that records such as that of Plate 5a contain 
in themselves a proof of the atmospheric ionized layer theory which has been 
used to explain the nocturnal phenomena in wireless transnussion. The fact 
that interference fringes ” are produced, due to a wave-length change at the 
transmitter, shows that there must be two transmission paths of different 
length, while the fact that the fringes are more pronounced on the loop aerial 
shows that the indirect waves must come down from above. 

We now consider some numerical results which have been obtained from 
an analysis of many records similar to those of fig. 5 and Plate 5a. It is always 
found, by both methods, that the values of sin calculated from various 
parts of the same record, show considerable variations. The significance of 
this fact is considered below. Because of this somewhat wide variation in 
the angle of incidence we have, for comparison purposes, usually found the 
mean value of sin for the period occupied in making a photographic record. 

Method (i) has been used in the evenings, one or two hours after sunset, 
and in the mornings, about sunrise.* The following are examples of mean 
values of sin ii for several J-hour records obtained on various evenings in 
September, 1926: 

sin ii =5 0*48; 0*43; 0*66; 0*61. 

These values show the kind of variation which is found in sin from night 
to night, and from time to time on the same night. The mean value of sin t'l 
obtained from all the records made during September, 1926, is 0*66. 

* Unfortunately, the applicability of both methods is limited. Method (i) may only be 
used when the signal variations are small (e.g. at sunrise and sunset), while method (ii), 
although suitable for laige signal variations, may only be used when interferanoe from 
Broadoasting stations (British and Continental) is negligible (e.g. in the early morning). 
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Method (ii) has generally been used in the early morning period, a few hours 
before sunrise. It has been found that the values of sin generally increase 
as sunrise is approached. Such a variation of the mean value of sin tj, with 
time, is shown in Table I, which gives the results obtained on the morning 
of December 4, 1926. 

Table I. 


Time. 

4.67 a.m. 

6.08 a.m. 

6.26 a.m. 

5.33 a.m. 

5.37 a.m. 

Sin 

0-41 

0-61 

0-58 

0*70 

0-72 


Vioriatvm of angle of incidence (measured by Method (ii)) on the morning of 

Decend>er 4th, 1926. 

This increase of sin as sunrise approaches, suggests that the atmospheric 
deviating layer moves downwards, owing to the increased ionization produced 
by the sun’s rays, and the evidence supports that which has been obtained 
from observations on the number of interference fringes produced by a wave¬ 
length change at the transmitter.* Since the smaller values of sin t| appear 
to be associated with night conditions, while the larger values are associated 
with the transitional conditions which obtain within one or two hours of 
sunrise, it appears reasonable to compare these larger “ suruise ” values with 
the values obtained by method (i) in the transition period near sunset. The 
mean of such “ sunrise ” values of sin ij, obtained by method (ii) on various 
mornings during November and December, 1926, is found to be 0*57. 

In carrying out the determinations of sin ii by means of method (ii) we 
usually allowed one wave-length change on each photograph to be recorded 
entirely on either loop or vertical aerial, so that the total number of fringes 
for a given wave-length change could be counted. In this way it was possible, 
making certain assumptions, to calculate the path difference between the 
ground and atmospheric waves, and thus estimate the effective height at which 
the atmospheric deflection takes place. Now, if we make the same assumption 
of atmospheric deviation at a comparatively sharp boimdaiy, we can also 
use the mean values of sin t^, found from the same record, to estimate this 
height independently. The mean number of interference fringes produced 
by a continuous wave-length change from 396 ms. to 406 ms., during the 
“ sunrise ” p^od, is found to be 7 *5. The effective height of the atinoepheric 

* ‘ Boy. Soo. Proo..* A. vol. 113, p. 4M (1026). 
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deflecting layer corresponding to this is 104 kms. The effective height corres¬ 
ponding to sin ii =0*66 (the mean value by method (i)) is 92 kms., while 
that corres]r>onding to sin = 0*57 (the mean value by method (li)) is 88 kms. 
While there seems to be definitely a difference between the heights as deter¬ 
mined by the two methods (the possible significance of which is mentioned 
below), there can be little doubt as to the order of magnitude of the height 
of the deviating layer at the transitional periods near sunrise and sunset. 

It has been mentioned that in the night periods, several hours before sun¬ 
rise, abnormally small values of sin are sometimes observed. It is found 
that these small values are always accompanied by a correspondingly large 
number of “ fringes ” due to the wave-length change. This appears to indicate 
that they are due to a deviating layer at heights much greater than those 
mentioned above (about 260 kms.). In this case a comparison of the effective 
heights as obtained from the number of fringes and from the angle of inc^idence 
does not show a very close agreement. This is probably due to the fact that 
in assuming reflection ” to take place at the same height for all wave-lengths 
we neglect a certain correction, as has been previously pointed out.* Special 
interest is attached to this correction because its magnitude gives us informa¬ 
tion about the gradient of ionisation in the layer. By comparing the effective 
heights deduced from ** fringe measurements ” and from measurements of 
the angle of incidence, we hope to obtain information about this correction 
term. 

We must now consider the more rapid changes which are observed in the angle 
of incidence of the downcoming waves. As an example of a case in which these 
variations were very marked, we may quote the foUowing values, which were 
obtained by method (ii) within a period of 40 seconds on October 23, 1926, 
at 4.36 a.m. 

Bintj = 0*60; 0*48; 0*60; 0*46; 0*46. 

It appears reasonable to suppose that rapid variations such as these cannot be 
due to rapid variations in the height of the layer, since we do not observe 
oorxesponding variations in the number of interference fringes. On the contrary, 
it is found that the number of interference fringes remains remarkably constant, 
even when the angle of incidence may be varying widely. We may explain this 
most simply by supposing that reflection ” is taking place successively at 
different points on a layer, the mean height of which is approximately constant. 
This type of variation of angle of incidence might be expected if the layer were 
not of sensibly uniform horizontal stratification. 

* * Roy. Soo. Proo.; A, vol. 113, p. 467 (1026). 
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We must not, however, exclude the possibility that the indirect ray not only 
arrives at the receiver in a downward direction, but is also laterally deviated. 
It is easily seen that such a lateral deviation would produce abnormally large 
values of sin ij. If this lateral (Jeviation occurs, we should expect it to be 
most marked at the transitional Hunriao period, when we know that the layer 
must be tilted. Simultaneous exixjriments of the type descriWl in this paper, 
carried out for transmissions in a north-south and in an east-west rlirection, 
during the sunrise period should yield information on this point. 

The fact that the angle of incidence is found to vary so rapidly, and over 
such a wide range, emphasizes a precaution which must be observed in deter¬ 
mining sin i’l by method (ii). It is essential that we should observe the fringes, 
produced on the loop and on the vertical aerial, in quick succession, so that 
sin does not alter appreciably between the two observations. A further 
reason for making the comparison as rapidly as ]) 08 sible is evident from Plate 5b, 
which shows that large and rapid changes may take place in the intensity of the 
downcoming wave. For example, the amplitude of the interference fringes 
(which is a measure of the indirect ray intensity), produced by the first wave¬ 
length change, is very different from that of the second set of fringes 10 seconds 
later. This is particularly evident if we compare the last fringe of the first 
wave-length change with the first fringe of the second. Since the rapid 
comparison of the signals on loop and vertical aerial is desirable, we have, in 
most cases, changed from one aerial to the other in the middle of a wave-length 
change (as in the third wave-length change of Plate 5a) rather than between two 
wave-length changes (as between the first anil second changes of the same 
record). 

Siirmnary, 

(1) Two inetliods of measuring the angle of incidence of downcoming wireless 
waves are described. The two methods have different ranges of applicability. 
Both involve photographic registration. The first method utilizes the ordinary 
night-time signal variations and can be employed in connexion with any steady 
transmitting station. It only yields useful results if the natural signal variations 
aie small. The second method requires a controlled wave-length change at the 
transmitter, but may be used oven when the natural signal variations are large. 

(2) The mean values of the angle of incidence, as measured by these two 
methods, for the periods immediately following sunset and preceding sunrise, 
show a close agreement, and lead to an effective height of 90-100 kms. for the 
atmospheric deflecting layer. 

(3) Observations of the angle of incidence, made by these methods, indicate 
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a diuinal variation in the height of the ionized layer, which is found to be 
higher in the middle of the night than during the sunset and sunrise periods. 

(4) Comparatively rapid fluctuations have been observed in the angle of 
incidence of downcoming waves. Such fluctuations are not considered as being 
due to variations in the height of the ionized layer, but ate explained by 
supposing that “ reflection ” takes place at different points on a layer the 
mean height of which is sensibly constant. Such variations might be expected 
if the layer were not of sensibly uniform horizontal stratification. 


On the Nature t>f Wireless Signed Vanations. —II. 

By B. V. Appleton, M.A., D.Sc., F.R.S., Wheatstone Professor of Physics, 
King’s College, London, and J. A. BATOurFS, B.A., Clerk Maxwell Student, 
Cavendish Laboratory, Cambridge. 

(Received May 30, 1927.) 

1. Introdueliem. 

The present paper continues the account of investigations on the nature of 
signal fading given in paper 1 of similar title. As the argument is essentially 
continuous from paper 1 to paper II the numbering of equations, tables and 
figures has been made to run continuously from the former to the latter paper. 

2. Dvreet Investigation of the Downcoming Waves by suppression of the Oromd 

Waves. 

(a) Theoretical Considerations. —^The ordinary curves of signal intensity 
variation obtained either with a vertical aerial or with a loop in the plane of 
propagation do not give us directly the variations in amplitude of the down- 
coming waves because we are unable to deduce from them whether a particular 
signal variation is due to a change of phase or a change of amplitude. We can, 
however, investigate the changes in intensity of the downcoming waves if we 
suppress the ground waves. This may be done by using the particular com¬ 
bination of loop and vertical aerial discussed below. 

Let us consider first the case in which the ground waves alone are present 
and are tecrived simultaneously on a vertical aerial arid on a loop in the plane 
of inopagarion. Let the amplitudes of the electzomotive forces introduced 

VOL. cxv.—A. X 
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into the two sTstems be K^Eo and K^^Eo respectively, if a third circuit is 
coupled to these two systems it is possible to adjust the couplings and phase 
differences so that no resultant electromotive force is produced in it. To find 
the condition for such a balance we may, noting that the system is linear, 
imagine the two electromotive forces KAEoe^*** and Kj^Eoe^*'* introduced into 
the system separately. Suppose is the electromotive force impressed on the 
third circuit due to the signal received on the aerial. Then 

where D is the usual djdt operator and its coefficients in <f>», are determined by 
the circuit constants. A similar relation, 

^l(D) ’ ^ ^ 

holds for the electromotive force produced in the third circuit by the loop signal. 
If the effect on the third circuit is zero 

Mm ^ ^ ^ 

At night, however, when downcoming w^aves are received the two electromotive 
forces (ca and CjJ impressed on the third circuit are no longer equal and opposite. 
The resultant electromotive force impressed on this circuit is then e, where 

0a(D) ^iXD) • 

But, substituting from (13), this becomes 

_2 KLE|(l^sin n) ... 

^l(D) • ^ 

Thus the amplitude of the electromotive force introduced into the third circuit 
at night is proportional to tlic intensity of the normally polarized component 
of the ilowncoming waves. 

The discussion immediately above refers to the theoretical basis of a method 
of making a receiving system which responds only to the do\^ ncoming waves, but 
by a slight modification, which is most conveniently dealt with here, we can 
arrange that the system will receive only the ground weaves. Let us suppose, as 
before, that the loop and vertical aerial are adjusted so as to introduce out-of- 
phase electromotive forces into the third circuit. Siqipose also tliat we adjust 
the couplings so that 

Ka sin ii , Kl ^ .. 

^a(D) ^l(D) ■ 


( 16 ) 
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Tben (14) by substitution from (16) becomes 

Thus with such an adjustment the elimination of a downcoming ray, which 
arrives at the receiver with a constant angle of incidence, can be effected. The 
application of this method to the minimization of interference fading is con¬ 
sidered below. It is also easily seen that we have here a method of measuring 
the angle of Incidence of downcoming waves in a case in which the ground wave 
is absent (e.g, m short wave measurements).* Imagine such a case in which tho 
coupling has been adjusted so that no signals are received. Then (16) holds. 
Suppose now that a separate exijeriinent with a ground wave from a near-hy 
station is made and, with the same adjustment, the ratio of ei to Cx is measured. 


Then 



„ K,. <i4(D) 

(18) 


^a'D) Kx ' 

Substituting from (16) we have 

— -■= sin ii. 

(19) 


It would not be iioieasary to measure the ratio — every time, for the loop 


circuit coupling with the third circuit could be calibrated in terms of this ratio 
once and for all. 

(h) Practical Arrangements,--ThQ practical arrangements used in the 
suppressed ground-ray system considered above are similar to those which 
havfe been described in connexion with direction-finding without bilateral 
ambiguity. The necessary phasing was produced cither by suitably tuning 
the loop or vertical aerial as indicated in fig. 6, or by ufing the resistance 
phasing method of the Marconi Company (see fig. 7).t The latter method was 
usually employed. The vertical aerial and loop in the plane of propagation 
were used, and the apparatus was adjusted to give no signal in the day-time. 
A photographic record taken with this setting at night thus gave the variation 
of the normally-polarized downcoming wave. It was considered of interest 
to compare simultaneous records of the signals received on an ordinary vertical 
aerial and of the indirect ray received with the suppressed ground-ray system. 
In this case a short aperiodic aerial with a neutrodyne amplifier was used for 

* Since this was written we have seen an advance copy of a paper by Mr. T. L. Eokersley, 
of the Marooni Compaayi in which the use of such a method is mentioned, 
t Vide KeeUf Bireotion and Position Finding by Wireless,’* London, p. 49 et seq, 

X 2 
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the former. Teste showed that the presence of this extra aerial did not disturb 
the balance of the suppressed ground ray sjrstem. 




(c) ExperimentcU ResulU and DitousaioH. —14g. 8 shows a typical series of 
records obtained using the suppressed ground-ray system. They were taken 
on September 16, 1926, sunset being at 7.13 p.m. The four records (a), (b), 
(c) and (d) were taken at intervals between 9 p.m. and 11.0 p.m. In the case 
of record (li) the intensity of the indirect ray was so great that the overall 
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(a) Supprcasod Ground Bay. 9.0 to 0.15 p.m. 




-► Time 

(d) Supprased Ground Bay. 10.i5 to 11.0 p.m. 
na. 8. (a) to (d).—Signal Currents (Suppressed Ground Bay System). 16.0.26. 
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-►Time 

(e) Vertical Antenna, beginning 10.66 p.m. 16.0.26. 


c 

0 



Zero 

-►Time 

if) Suppressed Ground Ray. Midday, 17.9.26. 



{g) Loop. Midclay, 17.0.26. 
Fia. 8, (e) to (g).—Signal Currents. 


amplification of the receiver had to be reduced to keep the galvanometer 
deflection on the scale. Record (e) shows the variation in signal strength as 
received at 10.65 p.m. on a vertical aerial, and hence shows the kind of fading 
which is associated with the variations of the indirect ray shown in (d). Record 
(/) shows the signal obtained on the suppressed ground-ray system at mid-day 
the next day, with the same adjustment of apparatus and (jf) shows the signal 
intensity on the loop antenna a few minutes afterwards. 

This series of records illustrates the gradual increase of mean intensity of the 
downcoming ray as night progresses. About two hours after sunset the ray 
begins to [be appreciable, and increases in intensity until about three and 
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a-half hours after sunset it has become comparable with the ground ray. A 
comparison of {d) and (c) shows that a strong downuoming wave is to be 
correlated with marked variation of normal signal intcmsity, wiiile the records 
(/) and (^) taken the next day show that the absence of a dowmeoming ray is 
to be correlated with a steady signal. 

It has been previously mentioned that fading may be due to changes in any 
one of the following variables which determine the nature of the downcoming 
waves. 

(а) Angle of incidence. 

(б) Intensity 

(c) Phase. 

(d) Polarization. 

We have already sc?en from the experiments described in paper I that large 
and rapid variations occur in the angle of incidence, and we might expect these 
changes to be reaiionsible for some of the signal variations experienced on a 
vertical aerial. They cannot, however, be responsible for the fading on a 
loop aerial, since the signals received on a loop arc independent of the angle of 
inci(iencc of the downcoming w^ave. Thus, in a comparison of simultaneous 
signal records obtained on a vertical aerial and on a loop, we may say that any 
variation which □(jcura only on the former is due to a change in the angle of 
incidence. But an examination of such records as wc have taken show^s that 
every signal variation on the vortical aerial has its counterpart on the loop. 
This shows that no signal change is due simply to a variation of the angle of 
incidence. Since we have found tfiat variations in the angle of incidence do 
occur wc must suppose that such variations are masked by other clianges 
{e,g,, in intensity) which accompany them. 

To investigate the jKissible effect of changes in intensity and phase wc have 
taken simultaneous records of the signals received on the suppressed grouud- 
ray system and on a vertical aerial. Such simultaneous records are reproduced 
in fig. 9. As previously, the galvanometer deflections are measured in opposite 
directions. 

Prom the figure it will be seen that, in most cases, changes in the vertical 
aerial signal correspond definitely to changes in the quantity Ei (l—fin ii) 
which is measured on the suppressed ground-ray system. Changes in the latter 
quantity may be due cither to changes in the intensity of the dowiicoming 
waves, or to changes in sin corresponding to a varying angle of incidence. 
We have already showm, however, that fading on the vertical aerial is not due 
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pnmanly to changes in the angle of incidence, and we must therefore conclude 
that such signal variations correspond to changes in the intensity of the down* 
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coming wave. Such fading may be called “ intenaity fading.” Since we have 
seen that changes in sin are masked by the corresponding changes in intensity 
we shall, in what follows, speak of the signal received on the suppressed ground- 
ray system as indicating the intensity Ej of the downcoming wave. 

Bearing this in mind an examination of many records such as fig. 9 shows that 
an increase in Ej is sometimes accompanied by an increase of signal intensity 
on the vertical aerial and sometimes by a decrease. This is explained by 
supposing that the relative phase of the direct and indirect waves is continually 
varying. When the two arc in phase the resultant signal (received on the 
vertical aerial) increases when E^ increases, but when they are out of phase the 
resultant signal decreases. Other evidence for changes in the relative phase 
of the direct and indirect waves is occasionally obtained on the “ fringe ” photo¬ 
graph. An example illustrating this is shown in Plate 5o, where the phase 
relation between the two waves is seen to alter very considerably during the 
pause (6 seconds) between the two wave-length changes. An examination of 
both types of records, however, shows that changes in the relative pliase of 
ground and atmospheric waves (“ phase fading ”) are less frequent than changes 
in the intensity of the indirect ray. It has previously been pointed out* that, 
when deducing E^/Bo and sin »| from the signal current curves obtained on 
loop and vertical aerial systems, we may not assume that each signal maTiTnnm 
is a phase maximum. The present results entirely justify this caution. 

' * Appleton and Bamett, ‘ Electrician,’ he. eU. 
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Although it has been shown that fading is mainly due to variations in the 
intensify of the normally polarized component of th(s downcoming waves it 
still remains to bo determined whether such intensity changes are due to a wave 
of sensibly consfant polarization, the amplitude of which is changing, or are to 
be ascribed to the varying state of polarization of a wave of constant amplitude. 
Experimental n'siilts bearing on this ]>oint have been obtained by taking simul¬ 
taneous records of the signals received on the suppressed ground ray system 
and on a looi) perpendicular to the direction oi transmission. A sample set 
of such simultaneous records is shown in fig. 10. 

As usual, the galvanometer clcflcctions arc recorded in opposite directions. 



Fio, 10. 

The upper record represents the signal variations received on the loop at right 
angles to the plane of jiropagation, Jind thus indicates the vanation in 211^' cos i^ 
{i.e, H„). The lower record represents the variations of the signals received 
on the suppressed ground ray system, and thus indicates the variations of 
Ej (1 — sin ij). It will be seen that the signal current curves are remarkably 
similar as regards their main features. Now changes in i^ would make the signals 
on the two systems increase or decrease together, an<l we must deci<le whether 
the similarity which is observed is mainly due to changes in or to the fact 
that Ej and Ej' are varying together. We have seen above that there is strong 
evidence for supposing that the effect of any changes in are masked by the 
changes in E^ which accompany them. We also find that on substituting the 
extreme values which we have found for tj into the expression cos and 
Ej (1—sin t;|), that it is impossible to explain the large variations shown in 
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fig. 10 as due to changes in We therefore conclude that the two curves of 
this figure represent mainly the changcjs in intensity of the two components 
Ej and The fact that the two intensities increase and decrease together 
niles out the possibility of a plane ])olarizefl wave with a rotating plane of polari¬ 
zation, for in such a case an increase m the intensity of one component would be 
accompanied by a decrease m the intensity of the other. It should, however, 
be jwjiiited out tlial <ho ratio of the signal variations on the two systems is 
by no means constant. This may be due either a variation in the ratio 
Bj/E/ or to a variation m the angle tj. We cannot at present distinguish 
between these two possibilitie^s. 

Wc* thus arrive at tlie following cMinclusions regarding the causes of signal 
variations observed on a vertical aerial at a distance of 80 miles from a 
transmitter of broadcasting wave-lengths. Fading is due to interference 
between a dirtict wave propagated along the ground and an indirect wave which 
is returned by ionic deflection in the upper atmosphere. The signal variations 
are due chiefly to variations in the intensity of the downcoming wave, and to a 
lesser degree to the variations in phase difference between the ground and 
atinaspheric waves. The changes in the downcoming waves are real intensity 
changes (as measured at the ground), and are not due to the rotation of a plane 
polarized wave. Changes in the angle of incidence of the downcoming waves, 
although present, are not responsible in any marked degree for the signal 
variations, any effect which they may produce being masked by simultaneously 
occurring intensity changes. 

The fact that the intensities of the normally and abnormally jxilarized 
components of the down(*omiiig wave vary together seems to indicate that they 
are coherent, and are, in reality, components of a single wave rather than two 
waves which have been treated separately by the uyiiier atmosphere. Such a 
result would be in accordance with the magneto-ionio theory, which would 
lead us to expect a downcoming ray which is, in general, elliptically polarized.* 

Although the cause of signal variations has been traced mainly to intensity 
fluctuations of the downcoming rays as measured at the ground, we must not 
regard these fluctuations as being due to the alterations dn reflecting power of a 
fixed flat surface, for other observations seem to indicate that these intensity 

* Although the experimonts dosoribed suffice to demonstrate that the downooming ray 
posBosses l>oth normally and abnormally polarized components they give uh no information 
relating to i he phase difference between the two components. A separate aeries of expeti- 
mente. which will form the subject of a future paper, have, however, shown that the phase 
difference — B) between the two components varies round about irf2 for tranamissiona 
from London to Peterborough. 
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fluctuatioiif* are themselv<‘a the njsult of an interference mechanism the nature 
of which is at present somewhat obscure. As an example of such observations 
the following may be quoted ; -The intensity fluctuations themselves exhibit 
H kind of periodicity which seems to vary with the wave-length and with the 
distance of transminsion. An empirual relation descTibing these phenomena 
has been found by Mr. A. L Oreeii (of King's College, London) and one of the 
\vTit/(‘rs. If T is tlie “ period of the fluctuations and Xtho wave-length, T/X 
is found to be a single valued function of the distance of transmission rf. Such 
a relation strongly suggesis tliat interference plays a part in causing these 
intensity variations. Various passible causes miglit be suggested, such as the 
simultaneous “reflection” of waves from two or more portions of a layer of 
non-uniform horiztmtal stratification, but it does not seem profitable to discuss 
the matter in great<*r detail at present. 

3. Expennwnfs on (he Elimination of Fading, 

The supjiressed ground-ray syhtem has been used to cut out the effect of the 
direct ray, and so enable us to study the indirect ray alone. It has been shown, 
however (see 2 («)), that by a slight variation in the adjustments such a system 
may be arranged to eliminate the effect-s of a dowricoming wave arriving at any 
angle. Since the indirect ray is responsible for nocturnal variations of signal 
strength, we might cxj>ect that, by moans of such a systoni, we should be able 
to eliminate the cause of fading and receive a steady ground signal even at 
night-time. 

Many attempts have hevii made to do this, and although a definite reduction 
in the |H!rcentage signal variation has been obtained, the system does not seem 
to be very promising as a method of eliminating fading completely. There is 
little doubt that this is largely due to the fact that with such a suppressed 
atmospheric ray system wc are only able to eliminate a downconiing ray arriving 
at a constant angle, whereas in the actual case, as the other experiments have 
indicated, the angle of inoidenre of the downcoming ray is rapidly changing. 

It is of interest to note that since such a suppressed atmospheric ray system 
will not receive waves incident on the ground at a certain angle, it is also 
incapable of radiating waves in the same direction. But the use of such a 
system for preventing the presence of an indirect ray at a given receiving 
station would most probably be frustrated by the occurrence of unsymraetrical 
ray paths mentione] above. 
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4. The Relation between Signal Variations and Directional Errors, 

We now consider very briefly the bearing of these results on the cause of 
apparent directional variations, Wc have always found that the <lowncoming 
wave possesses normally and abnormally polarized coni|)ononts and E/. 
The presence of IS/ will cause directional errors, as was first pointed out by 
Bellini and Eckersley. 

The fact that records of (1 — sin and Ej' cos ij show similar variations 
establishes a (lorrelation between fading, which is caused by E^, and directional 
errors which arcs caused by E^'. (This previous lack of such a correlation, 
which was due to the diffi(‘nlty of unravelling the separate effects of ground 
and atmospheric waves, has often been used as an argument against the theory 
that both fading and directional errors are due to the Heaviside layer.) The 
question arises whether the abnormally polarized component E/ is produced 
by the transmitter or is brought about by the deviation at the ionized layer. 
Now, the 2L0 aerial system is a T-antcnna with a horizontal portion situated 
approximately east and west, so that we should not expect the emission of an 
abnormally polarized wave in a north-south transmission direction. We 
therefore conclude that the abnormally polarized component is introduced by 
the reflection at the ionized layer. The re43ults of Smith-Rose,* who found 
that directional errors were obtained even with a purely vertical transmitting 
aerial, may be interpreted in the same say. 

The experiments described above were carried out as part of the programme 
of the Radio Research Board of the Department of Scientific and Industrial 
Research. We are deeply indebted to those who have co-ojieratcd in the 
carr, 7 ing out of this series of experiments; to Mr. M. A. F. Barnett, for most 
valuable assistance at tlie receiving station; to Dr. R. Ti. Smith-Rose, 
Mr. E. L, Hatcher, and Mr. A. C. Ilaxton, who arranged and carried out the 
special transmissions from the National Physical Laboratory; to Mr. W, C, 
Brown, of the Peterborougli Radio Research Station ; and to the Chief Engineer 
of the British Broadcasting Corporation (Captain P. P. Eckersley) for his kind 
interest in these experiments an<] his good offices in arranging special early 
morning transmissions from 2LO. 

Sumtnary, 

(1) An account is given of experiments designed to yield information on 
the nature of the variations of downcoming wdrelcss waves, which arc respon¬ 
sible for nocturnal signal variations. By employing a receiving assembly 
* ' Journ. Inst. Elect. Eng.,’ vol. 12, p. 967 (1924). 
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which is a combination of a loop and vertical aerial, it has been possible to 
eliiuinate the effects of the ground waves at the receiving station and to study 
the characteristics of the downconiing wave directly. Large variations in the 
intensity of the downcoming waves are found. 

(2) It is pointed out that fading may be due to changes in any of the following 
variableB which determine the nature of the downcoming waves. 

(а) Angle of Incidence. 

(б) Intensity. 

(c) Phase. 

(d) Polarization. 

It is shown that for wave lengths of about 400 ms. and distances of about 
80 miles, fading is chiefly due to changes in the intensity of the downcoming 
waves. Variations in the phase relation between ground and sky waves are 
a secondary cause of fading. Changes in the angle of incidence or polarization 
of the downeonnng wave are not responsible in any very marked degree for 
signal variations. 

(3) The downooming ray has been shown to be of complex polarizationi 
having electric vectors both in, and at right angles to, the plane of propagation. 
Similar intensity variations are found in both these vectors. 

(4) The use of a suppressed atmospheric ray system in reception for the 
minimization of fading, an<l in transmission, for preventing the emission of 
upward rays, is discussed. Such a system may bo used to find the angle of 
incidence of downcoming in the absence of direct rays. 
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The Dissociation of Carbon Dioxide at High Temperatures. 

By R. W. Fknntno and H. T. Ti/aki., C.B., F.R.S. 

(Received May 4, 1927 ) 

The power of an internal combustion engine is greatest when operating witl* 
a *‘rich” mixture, that is to say, with a mixture which contains more fuel 
than is necessary for complete combustion. Similarly, it is found that if 
mixtures of carbon monoxide and air in varying jiroportlons are exploded in 
a closed bomb at constant initial temperature and jiressure, the explosion 
pressure is greatest when the ratio CO /()2 is greater than 2. These phenomena 
are known to be connected with the dissociation of carbon dioxide at high 
temperatures, for if there were no dissociation we should expect the explosion 
pressure to be greatest when C0/()2 = 2. No attention appears, however, 
to have been paid to the position of the maximum. It can be sliown in the 
following way that there is a very simple relation between the composition of 
the mixture giving maximum pressure on explosion, and the dissociation of 
carbon dioxide at the maximum explosion temperature. 

Let the initial composition be represented by the expression 

2 (1 + a) CO + O 2 + 6 N 2 (Total mols = 3 + 2a + 6), 

and let T* represent the initial pressure and temperature ; the maximum 
pressure observed after explosion, and T^, the corresponding maximum 
temperature. 

The composition of the mixture at the maximum temperature may be 
represented thus: 

2 (1 - a) CO 2 + 2 (a + x) CO -1- xO. + b Na 

('Fotal mols — 2 -i^- 2a + x + b) 

and 

T. _ P. .. 3 ! 2a + b , 

T* 2 |-2a + x \-b' ^ ^ 

Also, if equilibrium is reached we have 


)* X Po. = (^1* X 


2 "f- 2a X -\~ b 


where Kp is the dissociation constant at the temperature T^, and I*OOI etc., 
the partial pressures of CO, etc. 
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Now if Q is the heat of combustion of carlwn monoxide at the temperature 
T*, the temperature reached on explosion is given l»y the equation 


^ - 2 (1 - x) Cco. 1- 2 (a + x) tVo H *Co. + h C«., 

where Ccio,> etc., signify the in«‘iin specific heats at constant volume of CO*, 
etc., between the tem|»craturcs T, and T,. If the mean specific heats of CO, 
0 „ Ni are the same, this equation ri'diices to 


2 Q 


= 2C, o. -1- 


“b 3 j5 ~{~ h 

0 -*) 


(3) 


When is a rnaxiniurn dT^jda — 0 . ] fence 

d / 2 a + 'h _A 

da \ I-X / 


^ (1 ^ 

da 3 "1“ 2tt + 6 


Combining equations ( 1 ) and ( 2 ) wc have 


a + x \^ X ^ X I‘ = 

I-*' 3d 2a+ 6 T, 1'. 


a maximum when T. is a maxi¬ 
mum, because increases mure 
rapidly than T,. 


Hence 


. ffl - - a:, 


(/. 

da[\l-~x' '^3d-2a+M 


] = 0 . 


(B) 


By difEcrcntiatirig, and substituting the value ior dx/da given by (4), we get 
finally 

X = a /6 when T^is a maximum, ( 6 ) 


It does not follow obviously that is a maximum when is a maximum, 
but this is easily shown to be the ease by differentiating equation (I), 

Hence x — a /6 when P, is a maximum. 

This conclusion is ind<'-pcndent of any assumption as to the values of the 
mean specific heats of the gases, it rests on the assumption that the specific 
heats of the diatomic gases N 2 , O 2 , CO are the same at high temperatures. 
This is probably exactly true of CO and Ng, and it does not matter if the specific 
heat of Oa is slightly different for the amount of O 3 present at the maximum 
temperature is small compared to that of CO and N 2 . The conclusion is also 
independent of any assumption us to the amount of heat lost during the 
explosion. It assumes that there is no vari(Uion in the time of explosion of 
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mixtures on each side of the maximum point, which is not true in practice. 
The error introduced is, however, only significant when the ratio of to 0| 
in the original mixture is high. Thus to determine the dissociation of carbon 
dioxide at high temperatures all that is necessary is to take a standard mixture 
of nitrogen and oxygen, to add carbon monoxide to it in varying quantities, 
and to determine the pressures reached on exploding the different mixtures. 
From the curve representing the results, the value of “ a ” when the explosion 
pressure is a maximum is rend off; “a; ** is then given by equation (6), K, by 
equation (2), and T^ by equation (1). By varying the proportion of nitrogen 
to oxygen in successive series of experiments it is possible to determine dis¬ 
sociation over a wide range of temperature. When no nitrogen is present, 
b = 0t and therefore a = 0 and x is indeterminate. This means that the 
pressure reached on exploding mixtures of carbon monoxide and oxygen is a 
maximum when CO/O 2 = 2. Expcrimcntiil proof of this has been obtained 
(see fig. 1). It will bo noted in this case that a wide variation in the proportion 



Curve ^ 

No. o;* 

If and If 0-02tuO<lt> 

2p „ 1-03 

“ He 

3p „ 3( 2*00 
4p „ 3*01 

Op „ Of 3*81 


The arrows indiuate 
the peaks of the curves. 


Fio. 1.—Maxlmom^Preesutes and Explosion Time for Siiztnxes of the approximate Com¬ 
position 2 (1 + 0 ) CO + 0, + 6 N, + 0 • 01 (3 + 2« + 0) HgO. 

The small H| content has been included in the CO. 
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of CO to Og has very littio eifect on the magnitude of the explosion pressure, 
indicating (jualitativoly that dissociation is considerable. 

The Tables at the end of the paper contain the r(\sults of a number of 
experiments* that have been carried out. From the corresponding curves in 
fig. 1 the following results an* (lediioed - 


TMo I, 


6. 

a. 

X ^ a'b. 

1 

t 

<*• 

Te from 
cqiiatir)n 

(1). 

Kp from 
equation 
(2). 

Ibs./sq. in. 
(absolute). 

Atmos. 

1 

103 

0*235 

o* 2 ;i 

488 

1 33*2 

3320 

0*75 

20 

0*30 

0*16 

466 

31*7 

3095 

0*28 

301 

0*23 

0*076 

444 

30 2 

2920 

0*046 

3*81 

019 

0 05 

423 j 

28*8 

2760 

0 015 


The chief error m deUumining Kp by this method is involved in the difficulty 
of judging exactly the [toint of maximum pressure. A JO jkt cent, increase 
in a corresponds to a 35 per rent, increase in K,,, and a decrease in the 
associated maximum tempt^rature of less than i per cent. At these high 
temperatures K„ ine.reases by 20 to 30 per cent, for every 1 per cent, rise in 
absolute temperature, so the cumulative effect of a 10 [)er cent. <UTor in ‘‘ a ” 
is to produce an error in the determination of dissociation by this method which 
corresponds to a 2 per cent, error in temperature, and is therefore less important 
than it appears at first sight. 1'ho experimental results wore so consistent 
throughout that it is not considered likely that the error due to this cause 
in determining “ a ” is greater than 10 per cent. 

Another error is introduced by the circumstance that the time of explosiou, 
and therefore the loss of heat during explosion, increases as the proportion of 
carbon monoxide decreases. I'lie apparent value of “ a at the point of 
maximum pressure is therefort? greater than the true value, and the dissociation 

* The experiments were carried out at the N.P.L. fur the Kiigineering Research Board 
of the Department of Scientific and Industrial Hesearcli. The apparatus used has already 
been doeoribed by one of us (R,W.b\) iu * l*hil. Trans ,* A, vol. 225, pp. 331-350, wherein 
are also given the results of a series of CO-air and lf;,-nir explosionH, A repetition of some 
of the latter experiments with the present setting of the inaiiomeUir resulted in a 2 per cent, 
increase in the maximum presstiroa previously recorded—and this discrepancy must bo 
borne in mind when making any eomparisons between the two series of experimontH. The 
higher value is sup|>orted by still earlier work. The cause of ilic discrepancy has not been 
determined. 

VOL. OXV.—A. 
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constants given iu Table 1 tend to be too high. This error is negligible at the 
highest temperature (6 = 1*03), but quite significant at the lowest (6 — 3-8). 
The results have therefore been checked by another method which, in principle, 
has bwMi used by Bjernnn and subsequent investigators. If two mixtures 
containing different proportions of (10, and Ng give the same pressure on 
explosion, then, on the same reasoning as before*, they imist contain the same 
proportion of carbon dioxide at the maximum ttunperature, if tlu* loss of heat 
during explosion is the same in thi* two cases. From this wc can calculate 
Kp in a way best shown by an t*xample. 

The mixtun* coniainmg* [mde Table Vlll, Iteconl No. 74()a) 

0-3825 Vi) ~t- ()-J5;5r) -I 0-462 h 0-002 C()^ I 0-011 

(Total mols. 1-011) 

gave the same pressine on explosion as the mixture (cw/c I’able V, Record 
No. G71) 


0-8345 CO -I- 0-1415 f 0-0195 f- 0-0045 VO^ | O-OJI HgO 

(Total 1-011). 

Ill view of the larg(* excess of carbon monoxidi* in this latter mixture, it can 
be assumed iu the fii'st plac(s (hat all the oxygen is burnt, and thcretor(» that 
0-283 mols of CO^ an* formed. lb*nce, aftt*r explosion of the first mixture wc 
should have 


0-283 molsCOa +0-0995CO hO-OCiOa + 0-462 N.^ + 0-(H)2('(>2 |O-Oll 

(Total mols. 0-870), 

and 


^ __/0 0995\« 
\ 0-286/ 


X X 1* 
0-870 ' 


also 


— 0-051 (P, — 30-2 atmosplieres), 

T, — ^ X T, X "OlO ubsolutc. 


If the calculation i« carried out more accurately, by allowing for the slight 
dissociation in the mixture containing excess of carbon monoxide, we get 

Kp » 0-064. 

This is an upper limit for the value of Kp at this temperature, since the 
difference in loss of heat during the explosion of the two mixtures is ignored. 
The explosion times (from commencement of rise of pressure) were 0-027 seconds 

* The small amount of H, present in the mixtuie has been counted as 00 for the purpose 
of this caloulatioo. The error introduced by this aeaumptiou is negligible. 
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and 0*060 seconds respectively. From a comparison of the cooling curves, 
and from other data, it is estimated that the loss of heat was greater in tht; 
second case by an amount of the order of 1 per cent., and probably not more 
than 1J per cent, of the total heat evolved. H«mce to get a lower limit for the 
dissociation constant it is necessary to compare the first mixture with one 
containing excess of CO and giving a per ctMit. greater pressure on explosion. 
Alternatively we can compare the same (^0/0jj mixture with the mixture 
numbcired 741 in Table VIII, which gave a maximum pressure li per cent, 
lower. Tf we do this wc calculate* that 

-- (>*(>‘25 at T, -- 2870. 

Carrying out similar calculations by comparing various mixtures we 
have obtained the results given in Table 11. 

Table 11. 


P^. K,,. 


Mixtures compared. 



T, C® 



Uis./sq. in. 

Atmos. 

(aha.). 

Probable 

Probable 


(absolute). 


up|)er 

lower 





limit. 

limit. 

727 and 674 

486 

.33-2 

.3310 

U 09 


729 and 674 

735 and ourrosponding 00/O^ 

4H4 

33 0 

3295 


0-48 

luixturo 

405 

31*7 

3100 

0 20 


735 and CO/0, mixture, giving 






1 per oeiit. greater 

465 

31 7 

3115 


0-14 

740a and 671 

444 

:jo*2 

2910 

0 054 

— 

741 and 671 

744 and CO/Oa mixture, giving 

438 

20-8 

2870 


0-025 

1 per oeot. greater 

744 and OO/Oi mixture, giving 

124 

28-9 

2745 

1 0018 


3 per cent, greater Pg 

424 

28*9 

2760 


0 0035 


It will be seen by comparing Tables 1 and 11 that the dishociatiou constautb 
calculated by the two methods agree very closely. One would expect the 
variation of Kp with temperature over this range to be expressed by an 
empirical equation of the form 

A - 


By trial it is found that the equation 


Iqg K, ==^ 8*46 — 


286(X) 

T ' 


(7) 
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not only reproduces accurately the experimental results communicated in this 
paper, but also those obtained at lower temperatures by other methods. This 
is shown in Table III. In the last two columns of this tabic wc compare the 
degree of dissociation “ y ” of COg at atmospheric pressure, calculated from 
the equation 



with those measured directly at lower tempcTatures or calculated from the 
values of Kp deduced from our explosion ex])t‘riments. 




Table TIT. 



T/0« 

(al)H.). 

calculated fiiun 

1 

1 Kp found. 

100 1/ 

1 fiom Kp 

iUO y fuuud. 

equatiun (7). 

1 

I “ Liik'ulatcd." 

3320 

1 0-70 

1 

i o-7r. 

<Ki ' 

' (13-5 

3310 

1 O-fiO 

<0 69 

62-6 

i <63 

3203 

0 tiO 

>0*48 

61 >6 

>59 

3115 

0*11> 

>014 

49-5 

>46 5 

3100 

()'17 

<0 20 

48*5 

<50 

3005 

O-lOO 

0*28 

48 

63*5(’) 

2920 

0 040 

1 0-(H6 

35*5 

35*5 

2910 

0 043 

I <0064 

35 

<37 

2870 

0 031 

1 >0 02.5 

32 

>:«> 

27tK) 

0-013 

>0 0033 

1 25-5 

>17 

2780 

0-0115 

0 015 1 

1 24-5 

26‘8 

2746 1 

O-Oll 

<0-018 

24 

<28 

2420 

4-4 X 10 « 

_ 

9-1 

10 toll* 

2240 

4*9 X 10-6 

- - 

4-6 

4-5* 

1820 

51) X l0-« 

— 

0-48 

0-45t 

1666 

1-5 X 10 *0 

- 

0*067 

0-064J 

1600 

2-6 ^ 10*>^ 

— 

0 037 

0 047t(T) 

1480 

1-4 X 10 I 

1 

1 

0-030 1 

/ 0*028t 

\0 029to0*035g 

1440 

4 0 X 10 1 

- 

0 020 ; 

0 026J 

1400 

M X 10-’= j 


0 013 

0-01 to 0*02^ 

13(Kt 

2-9 X 10-** 1 

1 


0-0039 ! 

1 1 

0 0041g 


* Emioh. *Mon&tsh«fte f. Chem..* vol. 26, p. 1011 (1005). 
t Lbweixstein,' Z. f. phyiik. Chom.,* vol. M, p. 711 (1000). 
t Langmuir, * Joum. Amer. Chem. Soc.,* vol. 28, p. 1370 (1006). 

§ Nernst and von Wartenberg, * Z. f. phyeik. Chem.,’ vol. 56, p. 548 (1006). 

Our results for the dissociation ot carbon dioxide at high temperatures are 
considerably lower tlian those of Bjerruin.* For instance, according to Bjerrum, 
carbon dioxide is half dissoeiatt’d at atmospheric pressure (K^ -- 0’2) at a 
temperature of 2940” (j. absolute, whereas our corresponding temperature 
is 3130, or about 200 deg. higher. At 3300 deg. absolute, K,, according to 
Bjerrum is 2*6, from which y — 75 per cent.; whereas wc find Kp = 0-62 and 
* * Z. £. physik. Chem.,* vol. 79, p. 637 (1912). 
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y = 62 per cent. Nor do we figreo with Crowe iind Ncwey who found that 
a mixture of 40 per cent. CO with 60 per cent, air ^;avo the maximum rise of 
pressure on cxploRion> whereas we find the proportion of CO to be 33 per cent. 
We think that these differences can he fully accounted for by the fact that 
previous investigators liave found it extrenu'ly difficult to obtain accurate 
measurements of explosion pressures. Crowe and Newey state that their 
measmrements, on any single mixture, differed by as much as 2 per cent, from 
the mean value. Hjerrum refers to the variation of the times of explosion of 
mixtures in successive experiments and attributes the cause rightly to the 
great influence of water vapour. It is indeed impossible to dedu(!(! dissociation 
constants from explosion experinumts with any confidence unless the results 
of successive experiments with any mixture are very consistent. To secure 
consistency it is absolutely necessary to keep the moisture content constant. 
One example will suffice to show the great influence of water vapour. 


Table IV. 



1 

Composiition of Mixture. 


Time intervals— 
Hoeoiida. 

1 

Record 

No. 







Fi- 


Oommenoe- 

00. 

0,. 

N.. 

CO,. 

H,. 



Spark to 
maximmn. 

ment 
of rise 
to 

maximum. 

664 ^ 

665 

666 1 
667 ^ 

87-8S 

1006 

1*90 

0*46 

0-26 

!■+ 0 02 H,0 

i-oeu,o 

/366 

\356 

/361 

\362 

0*1606 

0*1536 

0*0761 

0*0720 

0*124 

0*128 

0*066 

0-063 


It will be observed that the addition of over 1 per cent.* of water vapour 
lowered the time of explosion by over 0-06 seconds and raised the explosion 
pressure by per cent. These results lead to a useful estimation of the loss 
of heat during explosion. We should expect the addition of 1 per cent, water 
vapour to lower the explosion pressure by over 1 per cent, if there were no 
loss of heat during the explosion, and no variation in dissociation or the com¬ 
pleteness of combustion. The fact that it raises it by per cent, means that 
the difference in the explosion times of 0*06 seconds corresponds to a difference 
in heat loss of about 3 per cent, of the total heat evolved. It is on this assump- 

* From experiment it appears that about 30 per cent, of the added water vapour is 
absorbed by the explosioa vessel walls (in their present oondition), and will not therefore 
take part in the oombnstion until the flame reaches those suifaoes. 
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tion, and on the further assumption that the difference in heat losses is 
proportional to the <lifference in times of explosion, that the lower limits for 
K„ (Tablt! I f) hav(i iKien calculated. Check calculations, based on a somewhat 
different method, and taking into account the variation in dissociation due to 
the water vapour addition to the dry mixture, gave substantially similar results. 
Estimates of heat losses from the cooling curves after the maximum pressure 
has been reached Ic'ad to rather lower values. 

It will be seen from the data given in Tables V to X how closely maximum 
pressures and times of explosion agree in successive experiments on the same 
mixtures. Several pressure-time records have been reprodiujcd (in part) 
in fig. 2; of these Nos. 085 and 087 are for the same mixture, exco])t that in 
the latter there is practically no water vapour. 



Fio. 2.--Frei>iire--Time--£z{doiira Reoordi. 














Table V. 

2 (1 a) CO 4- Oj. Initial Pressure (abs.) 57 • 3 lbs./sq. in. (3 • 9 atmo'-.). Initial Temp. 50^ 
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ig an allowance for water vapour in orignal mixture. Fufe Footnote to page :VJ5 for abaorption. 
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* Including 

t Including an allowance for water Tapoor in origmal mixture. Vide footnote to page 325 for absorption. 




Table VII. 

Mixtoie 2 (1 + o) CO T Oj + 2 N 2 . Initial Pressuie (abs.) 57*3 Ibs./sq. in. (3*9 atmos.). Initial Temp., 50“ C. 
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Table IX. 

Mixture 2 (1 -f a) CO + Og + 3’8lN^ Initial PreB8ure(abs.) 57-3 lbs./aq. in. (3-0 atmos.). Initial Temp. 50® C. 
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Including ixy 

Including an allowance for water vapour in original mixture. Vldt footnote to pa^e V2o for absorptnn. 
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* Including H|. 

t Including an allowance for water vapour in ongin&l mixture. Vide footnote to page 32.1 for absorption. 
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In conclusion, it should be remarked that the relation x — a/b at the maximum 
tcinjMsraturu applies also to flames. Thus, by biurning carbon monoxide or 
hydrogen in a Bunsen burticr, and determining the composition of the mixture 
which gives the maximum flame tempt‘rature, it should be possible to make 
direct measurements of the dissociation of water vapour and carbon dioxide 
at high temperatures and at atmospheric pressure. 


Summary. 

It has been shown that the dissociation of carbon dioxide at high tempraturos 
can be deduced very simply from measurements of the composition of mixtures 
of carbon monoxide, oxygen and nitrogen which give the greatest rise in 
pressure on explosion in a closed vessel, when the initial conditions of pressure 
and temperature are kept constant. The dissociation constants found from 
our explosion experiments by this method agree closely with those deduced 
from the same experiments by the method used hitherto. 

The results obtained for the dissociation of carbon dioxide at' high tempera¬ 
tures are considerably lower than the accepted values. 

The authors’ thanks arc due to Mr. F. T. Cotton (N.P.L.) for his valuable 
assistance. 



334 


Tlie Equulion of State of a Gaseous Mixture. 

J3y J. K. LkmnABO-Junks, i').Sc., Header in Matheinaiieal Physics, and 
\V. K. (^ooK, B.Sc., ilesearch Student, The University, Bristol. 

(Communicaled l»y K H Powier, F.R.S.—Received Mairli 15, 1027.) 

§1. Intrwlavtivn. 

The methods of (let,c‘rminiiig int(Tnu)lecular fields, which have been used in 
former paj>ers,* apply only to molcfuiles of tlie same kind. 'Phis paper considers 
the more general problem of dtit<n'niining the forces betweem molecules of 
different kinds. It shr)WH tliat this information earj be derived from a study 
of the equation of stuic* of binary mixtures, providcjd that the experimental 
work covers a sudiciently wide range of timiperature and deals with mixtures 
of sulficieiitly varied proportions. experimental information available 

at present is somewhat scanty and needs considerable extension. 

Apart from the tiarlier measurements of Ainagat, the only available work on 
gaseous mixtures appears to be that of Holborn and Oltof on a mixture of 
helium and neon, that of Verschoyle| on a mixture of liydrogen and nitrogen, 
and that of Masson and l)olloy§ on binary mixtures of ethykuie, argon and 
oxygen. The former carried out experiments on a mixture of one proportion 
only, but have supplemented the results with further work on helium alone 
and neon alone, in each case covering the range of temperature 0 to 400® 0. 
This work provides just enough data for the purpose of this paper, and from it 
the held between a helium atom and a neon atom, as well as the Helds between 
two ludium atoms and two neon atoms, can be deduced. 

Verschoyle, on the other hand, dealing with hydrogen and nitrogen, has 
worked at two temperatures only, viz., 0 and 20®, but has extended his observa¬ 
tions in another direction. ITc has examined the successive changes in the 
isothermal of the mixture as its proportions are gi'odually changed, 'i'hcse 
changes arc considered in a quantitative way in tliis paper and arc satisfactorily 

* * Roy. Soc. Proo./ A, vol. 106, pp. 441 nnd 463 (1924); vol. 107, p. 167 (1926); voL 112, 
p. 214(1926). 

t Holbom niid 01t(>, ‘ Z. f. Pliysik,’ vol. 23, p. 77 (1024). 

I VorHclioylo, * lioy. Soc. Proo..* A, vol. Ill, p. 662 (1926). (1 am very much indebted 
to Mr. U. H. Fo\\lor for drawing my attention in conversation to this paper and for pointing 
out itH possible theoretical iin|K)rtauce. The present paper is the outcome of that con¬ 
versation.—J. K. L.-J.) 

§ ‘ Roy. Soc. Proo.,’ A, vol. 1U3, p. 524 (1923). 
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accounted for by the theory. The narrow range of tomporature of the experi¬ 
ments is hardly sufficient for the further application of the results to doU^rmine 
intermolficular fields. Tentative calculations have, however, l)t»on made of the 
field of force betwocm a hydrogen molecule and a nitrogen molecule, but it is 
hoped that the exfierimental data will soon be extended in a way which will 
permit of more accurate calculations. 

The work of Mnsson and Dolley is devoted to a detailed examination of 
the deviations from Dalton’s partial pressure law when the gases ethylene, argon 
and oxygen are mixed in various projioriions. TTnfortunati*ly, the investigation 
is carrit'd out at one temperature only, and this restrii'tion prevents any applica¬ 
tion of the results in this paper. 

An interesting ])rop(*rty of the pressure of gaseous mixtures emerges from 
the investigation. It is found that even at the same temperature the pressure 
of a gaseous mixture may be groiito than that of an (*qual concentration of 
either constituent alone. An explanation of this fact laoffi^ri'd, and it is shown 
for what proportions of the two gases the pressure of a mixture is a maximum. 


2. Theorvtkiil liquation of State of a (Jasmas Mijlfor. 

'I’he equation of state of gas is usually expressed for theoretical puiqH»si‘S in 
the form 

2W = iNT(l+5j, (-2.01) 


SO that the secornl term represents the deviation from the perfect gas law when 
the density is not too great. The coefficient B, which, following Kamerlingh 
OnncB, we shall refer to as tlie sccMnd Virial CorlJicleni, is a function of tempera¬ 
ture and of the forces exerted by the molecules of the gas on each other. It 
is easy to evaluate it in terms of the law of force )»et\ve(Ui molecules.* ff 
this be of a spherically symmetrical tyi^e, so that it can be ri^pniseiited by a 
function of the distance only,/(r), the formula lor li provi*s to be 


B - - 27cN f r- dr, 

Jo 


( 2 ,(» 2 ) 


where 2j = 1//:T, k being the usual gas constant (1 -372 . and T the 

temperature, N the total number of molecules iu the gas, and tc (r) the 
potential of the field given by 


7t:(r) = 



(2.03) 


* ' Froc. Camb. Phil. 3oc.,’ vol. 22, p. 105 (1024). 
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We may also write equation (2.01) in the form 

p Av T {1 -1- B'v}, (2.04) 

where 

B' ^ 27c {1 - dr, (2.0.1) 

and V is the molecular concentration; wc note that is a function of the 
temperature which depends on the law of force. 

If another gas be introduced into the same vessel, it is not difKcult to show, 
by the same methods which have been used to give (2.05), that the resultant 
pressure is given by 

p = A;T {(+ vg) + vj* B,/ + 2 VjVg B^g' + v,® Bgg'}, (2.06) 

where 

B„' = 271 £* /•* {1 - <">} dr, (2.07) 

In a mixture of gases, the pressure is clearly given by 

p = AT X (v,) + AT 2 B„' (2.08) 

where, in the second summation, r and s both range from 1 to //, and 

When the B"s all vanish, the equation (2.08) reduces to the statement of 
Dalton’s Partial Pressure Law. In actual gases, however, the coefficients 
do not vanish, and so wc have here a more general partial pressure law than that 
given by Dalton. If p 2 , ... p* are the partial pressures of n gases in 
a given volume v, the total pressure p is given by 

p=2(p,) + AT2’v,v.B,/, (2.09) 

where the accented summation sign indicates that squared terms are to be 
omitted. In the case of two gases only, we get simply 

P ^ Pi+ P2 + 2*T viVa Big’. (2.10) 

The deviation from the Dalton Law thus gives us one simple method of 
determining Bja' and so of investigating the nature of the forces between the 
molecules of gas 1 with those of gas 2, though we shall not pursue this particular 
method here. 

§ 3. Observations of the Isotherms of Binary Mixtures ami Comparism with 

Theory, 

In order to compare theory and experiment, it is necessary to represent the 
experimental results by an equation of the same type as (2.01). This was 
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first done by Kanierlingh Ofincs,* who used a more general expansion, involving 
higher powers of 1 Jv, These additional terms are appreciable, however, only 
at high pressures (of th<i order of 100 to 200 atmosplu^rcs), when it is unlikely that 
the theory applies. At lower pressures the observations can in most cases 
be sufficiently represented by an equation 

= A + (3.01) 

In practice there is some divergence in the use of units in this virial equation. 
Leiden chooses as unit pressure the iniomational atmosphere and takes tlie 
volume to be unity under unit pressure at 0° (.\ Witli those units, we may 
write equation (3.01) in the form 

pv^-A, + (3.02) 

The symbol v then really represents a ratio of the volume to the volume under 
standard conditions. At Berlin, on the other hand, the unit of pressure is 
taken to bo equivalent to a column of mercury 1 metre long (under standard 
conditions), and the unit of volume is chosen to be the normal volume under 
this pressure at 0°0. The equation may then bo differeril iated from that 
above by writing 

(3.03) 

Still another method of presenting the results has been used by Smith and 
'Faylorf at Boston, but the equation used involves the assumjition that the 
pressure varies linearly with the temperature at constant volume, wliich is not 
legitimate except over a siiiall range. In any cjase, the equation is unsuitable 
for comparison with theory. 

Again, it has proved convenient both at Berlin and at licidcn to express the 
value of p'Vj not in powers of 1 /v, but in powers of p, so that then we have 

pv = Ap + lijp (3.04) 

and 

pv = + UpP- (3.05) 

The various coefficients arc easily related to each other. Thus we find 


„ _ _ 

" A, (a,)o-l-(»,)oi + «ff,)oJ®’ 


(3.07) 


♦ Kamerlingh Onnes, ‘ Conun. Phys. Lab. Leiden,’ No. 71, or *Proc. Sect, of SeioncoB, 
AroBierdam/ vol, 4, p. 125 (1002). 
t' Joum. Amer. Chem. Soc./ vol. 46, p. 2107 (1023). 
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where I is the pressure of one atmosphere in the Berlin units, and refers 
1o the isothei'nal 0*^ 

For comparison with the theoretical work, th<* expression (3.02) or (3.(Vt) is 
probably the best, as it is referred to the normal conditions for which Avogadro’s 
number for the moh*ciilar eoncentration is applicable. These equations, tlwre- 
fore, we shall regard as the standard crju^rimodal equations to which all others 
arc coni'ertihle, 

'rbeoreticiilly, the equation (3.02) is more intelligible in terms of molecular 
coiKHMitration, so that if vo is the eoncentration under ihc standard <*ondi1ioiis 
and V tluit under any other conditions, we have* 

V« Vo- 

the influence of temperature being represented by thi* varial ion of and B„ 
with temperature. 

For a simple gas, as has been mentioned in the above jiaragrapli (eijuaiion 
(2.01)), theory gives an e<}uation of state of the type 

j> - AvT (1 -b B'v). (3.09) 

an<l this equation, being expressed in powers of v, as equation (3.(»S) is is directly 
comparable with the experimental results. Thus we deduce 

voB'--??. {3.10) 

Since B' is a function of temperature which depends on the intermolccular 
forces, th(^ second of these equations provides a criterion as to the suitability 
of any proposed model of the molecular field. It has been used in former papers 
to determine the molecular fields of the inert gases, on the assumption that 
these can Ijc represented by the superposition of two fields, one repulsive and 
the other attractive, and both expressible as inverse power law8.t 

From the theoretical equation of state of a binary mixture given in the 
preceding paragraph (2.00), wc infer, as in (3.10), that 

A„/'VqT, 

whore Vo now refers to the concentration of the mixture under standard con- 

* It is to bo remombored that the unit of volume v is the volume of the uudrr unit 
pressuro at 0® C., so tliat v - Vq/v. 

t ‘ Roy. 8oc. Pmc./ A, vol. 100, p. 403 (1024); vol. 107, p. ir»7 (1925); vol. 112, p. 214 
(1920). 
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ditions. As th« B'v^ of tho single gas is rephicied by the ([uadratic expn'ssion 



Vu 1- ^ - B„, 


or 

B^lJ*!** “1" H" Bjj222“ “ ~ 

(:Ull) 

where 




B„ — V(|H„' ajid Xi ~ vi/v, T. — vj/v, Xi |- a-^ — 1. 



We should tlusrefoiv expect to find that the numerical value of Ji,,/A,. 
(or Bj,) depends not only on temperature but also ou tlie relative* conc(*ntr.itions 
of the two gases. This is, in fact, the case. The ex permit* r its of Yerschoyle^ 
on mixtures of hydrogt'ii anti nitrogen at 0'^ and 20° C. have dett'i'mined the 
values of Bp/A^ as a function of the relative concentrations, and these arc 
plotted for the two temperatures (»° and 20° (.*. in iig. 1 .t 

Verschoyle do(*s not give any theoretieal explanation of the variation t)f 
B,,/A|, thus lound, but cont(*nts himself with pointing out that the variation 
is not library as other observers Het*m to have expected. Thus ilie work of 
Amagat on oxygen and nitrogen is quot(‘d, w'here f he varLititm of B was found to 
be approximately linear. Now the condition fhat hh<* left-hand side of (3.111) 
shall be linear in either or is that 

Bjj d- B22 2Bjl2 -- fi* 

This condition implies that the forces between any two molecules, like or 
unlike, are the same, ^rhis may be approximately t-riic in the cas(*s of oxyg(*ii 
and nitrogen, Imt will not b(j so generally. 

In fig. 1 are included two curves, quadratic in Vj/v^, wliich an* drawn so that 
the mean square of the fhstances of the “ observed points from them are 
minima. It is clear that a quadratic relation of this kind satisfactorily accounts 
for the facts. 

Moreover, the close agreement which is obtained justifies us in deducing 
from the observations the numerical values of each of the coeftiedents B,p B ,2 
and B 22 iu equation (3.111). 

The values of the B’s obtained in this way for the two temperatures are 
given in Table I, under Method I, For comparison, the values of the B s 
obtained by drawing a quadratic curve through the two end points and the 

* Loc. cU, 

t Actually Verschoyle exprc'^scs his results in the form pv ^ A,, -I- ^pp dotormines 
Ap and B,,; but os seen from e((iiatinn (3.07), B„ is the same as 

Z 2 



340 


J. E. Lennard-Jones and W. K. Cook. 


middle point ate aleo given in columns 3 and 4. These values do not differ 
greatly from those obtained by the more accurate method, and tho corresponding 



Fte. 1.—Hie thrarotical curve foe the second virial coeffioiont of a mixture and tho 
observed values of Vorschayle fur a mixtui'o of 11, and N,. 

graph of B is so near to that shotm in fig. 1 that it is impossible to include it in 
the same figure. 


Table I.—The “ Partial ” Virial Coefiicients of a Hydrogen-Nitrogen 

Mixture. 



Method 1. 

Method 2. 

l . _ 


0" C. 

20® C. 

o®a 

20® C. 

Bji. 10» 

0*0224 

0*6685ft 
-0*4903 

0*6461 

0*6097 

-0-2755 

0-6263 

0*5483 

-0*4061 

0*6505 

0*6104, 

-0*2798 











E(iiiation of State of a Gc^eous Mixture. 


341 


This asBignmotit of tiumerical values to each of the Wb individually is 
important theoretically, for the function tlopends only o]i the forces between 
unlike molecules, just as and II 22 depend on the forces between like molecules. 
We arc thus led naturally to a consideration of the forces between the various 
pairs of molecules. This we consider in detail in the subsequent paragraphs. 


4, TM Voterminati 0)1 of Intertmlecular Forces. 


In the discussion of the preceding paragraph no special assumption was 
necessary about the nature of the intermolcciilar fields, but in order to make 
further progress it is necessary to particularise the law of force. We have 
given in equation (2 07) an expression for B'^^^ etc., in terms of its potential 
field on the supposition that the molecular fields are spherically symmetrical. 
We now suppose that the force between two moleculos can be represented by 
two inverse power laws 


/i2(r) 


.. (^)l2 _ (Xn,)l2 


(4.01) 


the first term to represent the repulsion, the second the attraction. A complete 
specification of the law of forces then requires a knowledge of the force constants 
and niyg. 

This law ot force has been used before for a single gas* and the integral in 


equation (2.07) has been evaluated. The corresponding expressions for B, 2 , 

etc., are 



(4.02) 

where 


„ _ (Oi2 /(ni2 ~ 

(4.03) 

and 


F (y) - /'»-«• {r(^) - S /(j) y'l . 

In this function 

srfjg-L-J) 

//-\ _ ' «— 1 ' 

(1.04) 

(4.06) 


The above expressions determine as a theoretical function of the tempera¬ 
ture when the constants of the molecular field are known, and, for a true 
representation of the field, this function should be identical with the value 
of Bjj deduced from experiment (as desoribed in the preceding paragraph), 

* ‘ Boy. Soo. Proo.; A, vol. 106 , p. 463 ( 1924 )* 
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If thft experiinotits cover a sulliciently wide range of teniperattire (as in 
Holborn and Oit*)'s experiments oji Neon,* — 183® C. to 400® ().), the theoretical 
and experimental variation of v^ith temperature can he compared by 
graphical methods, as described m former papi‘rs.| 'I'he forces between unlike 
molecules can tln'ii be determined independently of the forces between the 
like molecules. 

The experimental results on mixtures uvajlabh* at j)rcsent are not suiliciently 
extensive to follow this nu^thod, and so recourse must be had to special methods 
which wdl make the best of the material to hand. 

§ 5 . ComfHinsvH with Ejupe) aiwufal JlebuUs. 

(1) Thti Isotherms of a HeInnn-NroN Miuturr by Ilolboin nod Holborn 

and Otto have determined the; isotherms of a mixtiin* of helium and neon of 
fixid proportions (7:i'30 [)(*r <*ent. neon aiul ‘J7d)l per cent, helium) over the 
temperature range 0® 0. to K)()®(\ At the same time they determined the 
isotherms of pun; helium alone, and later those of pure neon alone, in each case 
over the range 0® C. to 400° (!. In each they represent('d the results by 
the law 

pv + 19„p. 

We have three series of results of the type 

corresponding to r, 1, 0 ; Tj -- 0-7239, x,^ = 0-2701 ; .fi -- 0, j\, * I, 

in each »*.ase the right-haml side being an observ<»d function of t<'mperaturo.4} 
The first and the last series determine and B 22 functions of Uuuperature, 
and so B 12 is determined as a function of the temperature by the equation— 



whore* a-i — 0 • 7239, eig = * 2701, This can then be dealt with in the same way 
as the observed B of a single gas. The values for the various temperatures are 
given in Table II. 

The values of log B ,2 can now be plotted against log T and the graph com¬ 
pared with the theoretical graph of log P |2 (^ 12 ) against log given by 

* ‘ Z. f. Physik,’ vol. 33, p. 1 (1925). 

t Tjennard-Jones and Cook, ‘ Roy. Soo. Proc„* A, vol, 112, p. 214 (1026), § 2. 

t Loc. ct/., ‘ Z. f. Physik,’ vol. 23, p. 77 (1024). 

S The values of Bp/A,, are obtained from the valuon of Ap and Bp, given by Holborn and 
Otto, in the way described in §3. 
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Tabic II.—The values of Bjg for a Hclium-Ncori Mixture (Holboru ami Otto). 


T. 

W 1*11 (NV‘>u) j 
1 
i 


l..,(Q\V Ho 

li>t! 


? 0770 

4 7228 

i-7229 

T 77S7 

loo" 1 

•I-72S2 

70.74 

3 7."il2 

f 7030 

200" 1 

4-7(US 


T7(i14 

1 70SO 

:ic) 0 “ 

f-7880 

T (i702 

3 7072 

4 7.M.S 

400^ ; 

? 7«0!) 

? U.'>4K 

j I 751.‘l 

1 7)70 


equations (4.04) and (4.03) respectively. Tins method ot determining the most 
suitable molecular model and the iuimerie:d \ allies ot the force constants has 
been described in previous papers* and netnl not be repejited liere. 

Table III. The lutermolecular Fields of Helium and Tseon. 




1 

1 


1 

1 


Nr 



n. 


1 

— 

H« He. 

- . 

-- 

Ni‘ NV, 

'Tit . 

•> 






(!)• 

(2). 



0 

o 

Aft , 

. 10»* 

1 14 

2 51 

2 o:i 

h 32 





10« 

4 35 

K OK 

10 M) j 

22 3 

- 



(T 

10“ 

4 03 

4 45 1 


11)1) 

1 51 

11 

Ti 

A» 

10"“ 

_ 

0 025 

I 1 35 

1 1 TO ! 

4 :(H 1 





10" 

1 2*01 

5 20 

0 S.‘{ j 

17 2 ! 




<r 

10“ 

3*53 

3 Si 

3 !)2 

•4 2<» 

3 01 

»4J 

o 


1()U6 

2 1,5 

i*25:j 

.5 40 

22 2 





10" 

1*(K) 

2*30 

3 28 

h‘i 

_ 



fT 

10“ 

3*10 

1 

3 27 

3 33 

3*70 

3*10 


The five experimental points available arc shown in tig. 2, together with the 
theoretical curve, corresponding to w = 11, m — 0. This figure is a sufficient 
indication of the inadequate range of the experimental results. As the value 
of Bjj for the isothermal of 400® C. does not ajipear to be consistent with 
the rest, two attempts have been made to use the results, (1) by considering 
the 6 points os shown, (2) by considering only 4 points. The results of these 
two methods are given in Table III, and for comparison the forces between 
helium and helium, neon and neon are included from a former paper.f 
As in other papers a convenient measure of the repulsive forces is a {[uantity 

* * Roy. Hoc. Proo.,’ A, vol. 10«, p. 463 (1924); vol. 107, p. 157, § 2 (1025); vol. 112, 
p. 214, f 2 (1926). 
t Lennard-Jonea and Cook, loc. cit 
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Iheorvtir/il Curve 



if'ia. 2.—^The Exi)erimcntal Values of the Second Virial Cociiicieiit of a Hclium-Kcoii 
Mixture and the Thoorclical (^ui’ve. 


(7^1^ wliicli has the dimensions of a length and corresponds to the diameter 
of a molecule when it is assumed to be rigid. It is defined by the relation 

( 6 , 02 ) 


-(») . 


The calculated values for helium and neon are given in Table 111. 

(2) The Isotherms of a Hydrogen-NUrogen Mixture by Verschoyle ,*—In 
paragraph 3 we deduced from Verschoyle’s work on hydrogen and nitrogen 
the values of Bn, Bi 2 > and B 22 for 0® C. and 20® C. The limitation of the 
experiments to these two temperatures prevents us from applying the graphical 
methods just described. In this particular case, therefore, we consider a some¬ 
what dificrent method, applicable when the B’s are known at two temperatures 
only. Let these temperatures be T^ and Tg, and let the corresponding values of 
y^ which are related to the temperature by equation (4.03) be denoted by y^ 
and ^ 2 * Then, on using equation (4.02), we find 

B„(T,) _F(yi) 

B„(T,) F(y,) 


and 


(5.03) 
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The last equation detenoines ^ terms of yy and so, on substituting in equation 

(6.03), WG are left with a polynomial in of the form 

(1-Yr.) r (^) - [l-Y« (1;)^*}/(?) 2/1* 0 (5.05) 

whore 


,, =ik(Ti)(Xi') 
B„ (T-) vrJ 


,3/n 1 


(5.06) 


and f (q) has l)coii deiined in equation (4.05), If, thorefon', wo assign definite 
values to n and the exponents of the repulsive and attractive fields, equation 
(5.05) determiuos From this value, we can deduce the appropriate force 
constants from the equations 




3B„(T,) 


an 1 .3/n-w 

F(y,) 


(6.07) 


and 


HX.)„ 


\ m 1 
n I 


(w—1)« 


(5.08) 


The first of these determines the ratios of the force constants, and when this 
result is us(*d in the so(5ond equation, the individual value of (Xm)r« is determined. 
The results of tin*, calculations are given in Table IV. 

This method has thcj disadvantage that it does not indicate which of an 
assumed set of values of n and m arc to be preferred. For this information 
the temperature variation of the B’s over a wide range is necessary. 


Table IV.—The Intcrmolecular Forces of Hydrogen and Nitrogen. 


n. 

m. 



. >H,. 



0 

5 

An -10” 

l-io 

(0.919)* 

2-74 

19 17 

(16-82) 


Am. 10** 

200 

(2-64) 

rt*40 

19-U4 

(18-20) 



!()• 

5-35 

(5-23) 

.'jOO 

7-04 

(7-40) 

11 

5 

A» 10*» 

8-85 

(7-38) 

25-24 

298-9 

(224*6) 


Am. 10** 

2-20 

(1-98) 

4-14 

10-73 

(16*10) 



(T .10* 

4-61 

(4-62) 

6-12 

0-65 

(6*3b) 

14J 

6 

An . lO". 

6-74 

(4*89) 

22-e 

560-1 

(301*0) 


Am. 10“ 

107 

(1-66) 

3-27 

13-0 

(12-3) 



<r 10* 

307 

(3'02) 

4-40 

6-00 

(6-42) 


• The numbers in brackets were obtained m a former paper (toe. cii.) from the more extensive 


experimental work of Holburn and Otto (loe. etf.). 


The results for hydrogen and nitrogen have each been treated by this method 
as well, although their molecular fidds have been investigated previously by 
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the method described above.’" The results of the latter calculations are included 
in Table IV (in brackets) for purposes of comparison. The agreement between 
the two sets of results is as good as could be expected in view of the small 
temperature difference betwt»en the isothennals from which the calculations 
of this section have been made. For this reason too much reliance must not 
bo placed on the present calculations. The former calculations are likely to 
be much more reliable. Th(‘ (iahiulatioiis have been made here as a practical 
illustration of the nu^thoils suggested. The theory now awaits more extensive 
experimental results. 

§ (». DiacuHHifm of thn Results. 

One of th(5 chief points of interest is the relation of (X,»)i 2 > the repulsive force 
constant between a molecule! 1 and a molecule 2, to (X„)^i and In a 

former paper an empirical rule has been adopted for lack of any evidence. It 
was there sugge.st(!d that, as the relation is 


when the molecules are actually rigid spheres, the same relation would probalily 
be true for the generalised diamcter.t 


leading to the relation 


-(«) 


^3 (w — 1)7* 


l/n-l 


__ 

^2 “ 




i/ft-i 


- A 


i,»-n 


I’he results given in Table [II for the forces between helium and neon atoms 
show how far this expression is satislied. in the last column arc included the 
values of (cii + 022 )* which arc to be, compared with the values of the a given 
in the column headed He - Ne. It is seen that in the case of the values obtained 
by the second method there is very close agreement, especially when n = Q and 
« 11. AVhen more experimental information is available about the isother¬ 
mals of a helium-neon mixture, so that the force can be obtained with more 
confidence, the above assumed relationship can be put to a stricter test. The 
results for the hydrogen-nitrogen mixture cannot be used for a test of this kind 
for reasons which have already been stated. 


* Leonard-JoncH and Ck>ok, Aw;, rit. 

t Lennard-Jones and Taylor, * Koy. Hoc. Prw.,’ A, vol. 109, p. 483 (1025). 
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§ 7. Properties of a (M<tsvons Mixbirc, 

An examiiiiitiori of the experimental resulta of llolboni and Otto on helium 
and neon shows that when the isothermals are rej)res('nted iji each case by the 
formula 

I- li,p 

the nuiiKiTical value of ii,, for the mixture is in aotiu* cases greater th<iii thf>se 
of the separate gases. For this reason the actual results of Holborn and Otto 
arc here collected from their papers* and reproduced in Table V. 


Table V. -Values of the Virial Coejiuuent from Jlolborii and Otto. 


fip. IU» 

llHiiim. j 

Hfliiirn Ncdii. 

0'^ 

0 0051 

0 (>070 

100“ 

O-OOKO 

0-7421 

200“ 

0-0103 

0 • 7(i(M» 

.300'=' 

0-6100 

0-7702 

400“ 

1 

0 5045 

1 

0-7125 


Venn 


o Hjr>7 
oomK) 
0 7000 
0 S080 
0 soon 


Since lip is small, the above <*(piatioii can be written 


pc 


-1 + 


Hr 


where v is, in each case, the ratio of the volume to the volume undiu’ standard 
conditions; it is therefore inversely proportional to the molecular (loiKumtration. 
Since (18p)i2 is greater than (13p)ji and (I3„)22 temperatures 0® C. and 

100® C., it follows that at these temperatures the pressure of the gaseous mixture 
is greater than that of either constituent alone, even when the molecular con¬ 
centration is in every case the same. This is a natural consequence of the fact 
that the virial coefficient has a maximum. In the case of helium this ma.Kimum 
occurs at a temperature of — 140° C. about, while in the case of neon the 
maximum occurs at a temperature in the neighbourhood of The 

maximum value of 4Jp for the hcliura-neon mixture lies between tluise tem¬ 
peratures, with the result that the value of Uj, for the mixture is greater for a 
certain range of temperature than the corresponding values for the constitiitents. 

The theoretical formula for B given in this paper and elsewheref also exhibits 
a maximum, as fig. 2 shows. It is the only theoretical formula with this property 
which has yet been given. 


• • Z. f. Physik,’ vol. 23, p. 86 (1924); vol. 33, p. 5 (1025). 
t Of. tho curves given in ‘ Roy. Soc. Proo.,’ A, vol. 107, p. 157, figs. 2 and 3 (1025) 
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From equation (3.111) it is easily seen that the virial coofTicient will have its 
maximum value (at a given temperature) when the relative concentration of the 
gases is given by 

¥i ^ . 

■^2 ^13 ^ ^11 

When the ilclda of force of tlie gases have once been determined, the numerical 
values of and Bga can be calculated for any temperature from the 

formula given in paragraph (4), and the ratio of for a maximum value of 
Bp can then be predicted. This concentration would give the greatest pressure 
for the same total number of molecules in the gas. 

§8. Summary, 

(1) A tlu^orotical formula is given for the equation of state of a gaseous 
mixture. 

(2) This formula shows the deviation from Dalton’s Partial Pressure Law. 

(3) It is shown that the second virial coefficient of a liinary mixture is a 
quadratic function of the relative concentrations. 1’his law satisfactorily 
accounts for some recent experimental results. 

(4) A method of detormining the forces between the unlike molecules of a 
mixture is deduced. 

(5) A special feature of the pressure of a binary gaseous mixtiue is pointed 
out and a theoretical explanation is given* 
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The fnfuenee of Boundary Films on Corrosive Action. 

By L. II. Callendar, Pli.D., A.II.C.S., B.Sc. 

(Cominiinicatod by II. C. H. Carpenter, F.R.S.— Received March 22, 1927.) 

Introduction. 

Now that the electrochemical character of corrosion has been firmly estab¬ 
lished,* it becomes necessary to examine in detail those eloctrol)rtic factors 
which most influence corrosive action in normal waters.f It is the purpose of 
this paper to consider the most important of these factors, namely, the presence 
of boundary films on the metal formed both before and after contact with the 
©lectrol 3 rte. The rapid formation of films of moisture, grease, etc., on a fresh 
surface exposed to the air has boon pointed out by the late Lord Rayleigh.J 
Our knowledge of the properties of these films on metals has been greatly 
extended by the work of Hardy,§ but their infliuince on the location of corrosion 
on a metal surface does not appear to have been iuvi^stigated. The boundary 
films formed betw(30n the electrodes and the electrolyte as a*result of the passage 
of a current have recently been investigated by Newbery,|| and it would appear 
that these films must also have an important influence on corrosive action. 

It is generally admitted that the rate of corrosion in normal waters is partly 
dependent on the oxygen supply. But before the metal comes in contact witli 
the electrolyte it may have undergone oxidation, and it seems that the impor¬ 
tance of surface condition, and the profound effect it may have on the reactivity 
of the metal has not hitherto been fully realised, for in many previous researches 
on corrosion, often insufiBcient attention has been given tc» the method of pre¬ 
paring the specimens. The results obtained in this paper appear to indicate 
that the primary cathode and anode areas on a pure nuital are determined 
largely by the distribution of oxide and other films on the metal surface. When 
the metal is immersed in an electrolyte the first current flows between these 
primary areas, but subsequently the location of the cathode and anode areas 
may be altered, as Evans^f has shown, by variations in the oxygen concentra- 

* W. D. Bancroft, * J. Phys. Chem.,’ vol. 28, p. 868 (1924). 

t Waters of Ph 4*6—11 in Sorensen’s logarithmic notation. 

I Lord Rayleigh, * Collected Papers,* voL 3» p. 623. 

§ W. B. and J. K. Hardy, ‘ Phil. Mag.,’ vol. 38, p. 32 (1919). 

II * Roy. Soo. Proo.,’ A. vol. Ill, p. 182 (1926). 

% * J. Inst. Metals,' vol. 30, p. 239 (1923). 
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tioii, by till' HpriMidiiij; of tho products of corrosion over the metal surface, and 
by other factors. 

bambert* has Hugfrtistcd tliat with a pure metal the original potential differ¬ 
ences over the surface are due to lack of homogeneity and strains within the 
metal, but the T.D. caused by these factors is usually extremely small and may 
be negligible in cases where exposure to air has resulted in the formation of 
certain kinds of films. Similarly tin* presence of noble impurities within the 
metal will seldom be a serious cause of corrosion in normal waters, for although 
the P.D. may be large the cathode area is likely to he extremely small, and will 
not be nearly so favoiirabh? for oxygem dc^pobirisatiori as the large area provided 
by the normal oxide film on the metal surface. 

During the course of the electrolytic fu;tion films of a gaseous, liquid, or 
solid nature are formed l)etwi'en the oleetrotli's and the I'lectrolyte, and these 
films generally tend to slow down the rate of corrosion. Investigations have 
been carried out by Newbery and otlit^rs as to the nature and electrical resistance 
of these films, and II. D. Hollerf has used the term “ boundary resistance ” 
to signify tlie resistance of such films. In the i>reseut pai>er it is proposed to 
use the term boundary resistance ” to sigiiify the resistance in ohms ot tlie 
boundary films btstween the electrodes and the electrolyte, obtained by sub¬ 
tracting the rtssistance ot the electrolyte (measured by Kohlrausch’s method) 
from the total internal resistance of the experimental corrosion cell; this 
boundiiry resistance is an indicator of the rate*, of corrosion. 

The experimental corrosion cells used in this research consisted of an aluniiuium 
anode and a platinum or oxidised aluminium cathode with various dilute salt 
solutions as electrolytes. Aluminium forms the most convenient and sensitive 
metal for the electrodes, because, in addition to its teiidcsncy to form highly 
resistant scales, the solution potential of the oxidised metal differs widely from 
that of the metal itself, and therefore any action between the aluminuuu and 
the electrol)rte is readily indicated by changes in the resistance and total e.m.f. 
of the corrosion cell. 

The electrical method used for measming the changes in resistance and 
e.m.f. was described in a previous pajier by the author,j; and a further detailed 
description with various improvements in the adaptability and accuracy of 
the method is given in a Intc^r section of this paper. The method is primarily 

* ' Trans. Chem. Soc.,' voL 101, p. 2066 (1912). 

t' U.S. Bur. Stand.,' Soientifio Paper No. 604 (1925). 

f ** Passillcation and Scale ResiHtanoe in Relation to the Corrosion of Aluminium Alloys,'' 
'J. Inst. Metals,’ vol. 94, p. 67 (1926). 
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designed to indicate changes in resistance and e.m.f., and the results niusi h(‘ 
interpreted aijcordingly, but its eictreme simplicity and adaptability seem to 
make it very suitable for the investigation of many other aspects of corrosion 
besides those dealt with in this paper. 

The Metal Used for Ejoperinievts, 

Throe diffonuit samples of aluminium metal wore used and tliese will be 
referred to in experiments by the letters A, P, and S. 

Sample A was a very pure American metal* Idndly supplied to the author 
by Dr. H. J. Vernon of the Non-Ferrous Metals Research Association. Sample 
P was a normal pure commercial metal. Sample S consisted of a test-piece 
containing largo single crystals made by the process introduced by Carjienter 
and Elamf and kindly supplied to the author by Miss Elam ; part of one large 
single crystal was cut out and used as an electrode. 

The analysis of these three materials is given in Table I. Samples A and V 
were also examined spectroscopically,f and the spectrum photograph showed 
traces of Mg, Ni in sample P ; P also appeared to contain a minute trace of 
carbon. 


Table I.—Chemical Analysis of Metal used in Experiments. (Per cent.) 


Sample. 

Iron 

Silicon 

Copper. 

Titanium. 

Sodium. 

Alumiiiiuni. 

A* 

0*017 

O-OU 

1 

0*014 


_ 

Romaiiidcr 

P 

0*150 

0*200 

— 

--- 

— 


S 

0*073 

0125 


0 018 

0016 



• Chomioal analysis by 1), P. liayley. 


Other impurities indicated by the spectrum analysis but not determined 
chemically should not exceed 0*010 per cent, in the case of any one element. 
Both samples A and P were in the form of rolled sheets one-quarter of an inch 
thick. 

The electrodes made from the aluminium sheets P and A were six in number 
and all of the same size, 3 by 2 by J inch. They were stamped with the letter 
of the alloy and the serial number thus : Aj, A 2 , Pj, Ps) P4' As only one 
surface of the electrode was required to take an active part in the experiments, 

* For method of manufaoturo see J. D. Edwards, ' Amer. Electroohom. Soc.,* April, 
1926. 

t ‘ Roy. Soc. Proo.,’ A, vol. 100, p. 329 (1921). 

% * Spectram AnalymB,* by Prof. H. l>ingle. 
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the back and sides were coated with an insulating layer consisting of aluTuinium 
paint covered with spar varnish, and finally coated before each experiment witli 
white paraffin wax; this was found to give an adherent insulating coating 
having no effect on the conductivity of the electrolyte. The electrodes were 
fitted with easily removable screw tcrjumals, and fixed 
at a distance of 1 inch apart by means of detachable 
ebonite distance pieces as shown in fig. 1. 

For the preparation of the salt solutions used in 
the electroljdiic cells two samples of conductivity 
water were used. The first sample was kindly supplied 
to the author by Mr. J. M. Stuart, from a special still 
constructed by the Corrosion Eesearoh Department at 
the Royal School of Mines; as dcliveriid from the 
still it had the exceptionally low conductivity of 
O'OSjx 10“® reciprocal ohms, and was almost entirely 
free from dissolved salts, carbon dioxide, and 
Pio. 1.— Pairof Alominium ammonia, etc. The second sample of water prepared 
Electrodes. by distillation over alkaline permanganate, the first 

portion containing ammonia being rejected, was used 
in some comparative experiments. Before use both samples were shaken with 
the laboratory air, which was free from the usual acid and alkaline fumes, and 
it was found impoasiblc to detect any differen(5e between them siilficient to 
affect the results. 


TAc Sdts used and the Conductivity of their Solutions, 

The salts used were of the standard of the British Drug Houses analytical 
reagents. The solutions for use as electrolytes in the corrosion colls were 
made up in various strengths from one-thousandth to one-tenth normal. For 
the purpose of this paper it was necessary to know the resistance of the elec¬ 
trolyte in the corrosion cells, and therefore measurements were made of the 
conductivities of these electrolytes as actually used in the (experiments. For 
preliminary detorminations the usual Kohlrausch method was iised, a cell 
being fitted with platinised platinum electrodes, and connected to a source 
of alternating current and a telephone detector. After some preliminary 
results had been obtained a special cell was substituted for the laboratory 
one, and this new cell had electrodes of the same size (3 X 2), and at the same 
distance apart (1 inch), as those used in the standard corrosion cell. After the 
resistance of different electrolytes had been measured in this cell, the STuall 
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platinum oatlKxle used in a number of the spec'ial corrosion experiments was 
substituted for one of the electrodes, and thus a fiuther series of electrolyte 
resistances were obtained. These measurements were carried out in a ther¬ 
mostat at 20° C,, the same temperature bcung used in the, corrosion experiments. 
The figur(!s so obtained for the resistance of the electrolyt(;s are given in the 
experiments that follow and are used in the calculation of the boundary resis¬ 
tances. 

Appriratus and Method of Exj)ennwnt. 

The arrangement of the apparatus used in these experiments for the measure¬ 
ment of changes in the resistance and total c.in.f. of the electrolytic cell is shown 
in fig. 2. 

The electrolytic cells, Cj, Cg, Cg, were placed m the tliermostat which was 
usually maintained at a temperatimj of 20° Three exjwnments were 



Ffo. 2. 


generally carried on at the same time. The cells were connected to the switch 
^ 2 . and the microammeter (M.A.) through the key (K), and on the other side to 
the two resistance boxes and the switch S, which serves to put one or both'of 
the boxes into the circuit and connec^t them with the microammeter. The 
electrolytic cell consisted of a 250 c.c. beaker filled with the electrolyte to such a 
depth that the liquid just covered 2 inches of the electrodes (this required 
160 c.c. of electrolyte), the latter being placed in the cell just before taking the 
first reading. The microammeter used for measuring the current in the circuit 
had an internal reistance of 500 ohms. In experiments where the polarisation 
is changing it is important to take readings quickly without waiting for each 
deflection of the instrument to become steady; in such cases the limit of the 
first swing of the needle was observed. The corresponding values of the steady 
current were obtained from an auxiliary table, based on the results of a pre¬ 
liminary calibration of the instrument, in which the final steady deflection was 
VOL. CXV.—A. 2 A 
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observed in addition to the first swing. With the two resistance boxes the 
external resistance can be varied from 43,000 to zero ohms. 


Calculation of tM Resistance and Total of the Gdl. 

In the actual experiments measurements were made of the current given by 
the cell when its terminals were connected through a high resistance 
then through a lower resistance assumed for purposes of calcula¬ 

tion that, during the time required to take the reading (3 to 4 seconds), the 
total c.in.f. of the cell did not alter. This assumption was tested by measuring 
the rate of change of the total e.m.f. with different external resistances and 
different electrolytes using a coll with aluminium anode and platinum cathode, 
and it was found that the maximum change in the calculated total e.m.f, in 
the time required to take one reading (using the same electrolytes as in the 
actual experiments) was less than 1 per cent.; a total error of this order is 
evidently quite immaterial in these comparative experiments. The results 
of experiments were therefore calculated from the following formula:— 


If Ri and B 2 are the total external resistances, 
and ii and i^ tlic measured currents, 
then let E be the total e.m.f., 
and Bq the internal resistance of the 4;ell. 

We have (R^ -f Bq) == E 
(Bj + *2 “ 

whence R^ii — (^2 “ h)> 


therefore Rq = internal resistance of cell = 


M. 

»* 



From the resistance Rq so obtained the boundary resistance may be calcu¬ 
lated by subtracting the resistance of the electrolyte measured by Eohlrausch s 
method, and the total e.m.f. E of the cell is readily deduced. It will be seen 
that these figures, when considered in conjunction with the conditions of the 
experiment and the time of immersion of the electrodes, serve to indicate what 
factors retard or accelerate corrosive action. 


Order of Experiments. 

The experiments in Section A show how the surface potential of aluminium 
alters with different treatment, and suggest that the rise in potential corre¬ 
sponds to the covering of the surface with oxide. The distribution of this 
oxide is dependent upon the surface conditions of the metal, and the experi¬ 
ments in Section B show that this determines the reactivity of the metal. 
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The experiments in Section E show that whether the cathode film is formed on 
the metal in air, or in the electrolyte, or by heating, it will, in a dilute chloride 
solution, readily maintain a ciurent with the polished metal. The final 
experiments F are introduced to show the influence of these oxide films on 
the boimdary resistance and rate of corrosion. 

Experiinenlal Section A, 

In the following experiments a number of aluminium electrodes were treated 
in various ways, and their potential was then measured against a platinum 
cathode in a sodium chloride electrolyte. 

ExperimerUs 2600-04.—Effect of i)revious surface treatment on the £)otenti‘il 
of pure aluminium in a dilute sodium chloride solution. 

Electrodes.—Alnnmiinm anode and small platinum cathode heated befor,* 
each reading. 

Electrolyte. N/1()(K) sodium chloride solution. 

Resistance of electrolyte—1,540 ohms. 

External resistance, Rj = 43,500 ohms. Rg — 3,500 ohms. 


Kxpenment 

No. 

Pllectrodc. 

Surface treatment. 

Total cell 
e.iii f. 



1 

mvs.* 

26UU 


tViliHhcd uti OUU ilu})ert puiier under pnratfin and then 

1,207 


p. 

rinsed with pure U^nzone to remove frreaHo ('we 

1,228 



W. B. and J. K. Hardy, ibitt.) 

1,201 




1.228 




1,23.5 


A, 

Ditto ditto 

1.168 

2002 

I'l 

ColiHlied an iiIkiv e and then Rtood in conductivity water 

1,031 



for 4 minutcH 



•A* 

Polished and stood in conductivity water for 18 hours 

727 


I* 8 

Polished and stood in the laboratory air for 18 hours 

910 

2604 

Pi 

Polished on a clean dry selvyt 

1,080 



As above, but selvyt wetted with conductivity water 

941 


Pi 

Polished on wet selvyt with alumina . 

875 


A, 


877 

2603 

P. 

Polished electrode (30 at 170°) 

880 


P. 

Heated in air for (60 at 170°) 

851 


P. 

Time minutes (60 at 185°) 

842 


P. 

Temp. " C. (120 at 170°) 

854 


Pi 

Time hours (05 at 300°) 

936 


• Note mv». » mille^volta. 


The above figures tend to show that there is a difference of potential of 
some 300 mvs. between clean aluminium freshly polished in air and the same 

2 A 2 
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metal that has stood iu the air, been heated in the air, or immersed in pure 
water, or polished with alumina.* 

When aluminium is heated in air Pilling and Bedworthf have shown that an 
oxide film forms on its surface the thickness of which depends on the tempera¬ 
ture and time of heating, it therefore seems justifiable to assiunc from the above 
results that about 300 mvs. roughly represents the P.l). between an aluminium 
surface freshly formed in air and the oxide of the metal. Tt is possible that 
the solution potential of the dry oxide may alti^r slightly with the temperature 
of formation, and also the dry oxide probably differs somewhat from the moist 
oxide or hydroxiile formed in water (the low figure 727 mvs., obtained where 
the metal had been immersed for a long time^ in water, may be due to the 
absorption of hydrogen by the film); it also appears that an oxide film can be 
obtained by polishing withaluniiua. The next experiment show's the rate at which 
this rise of potcuitial of aluminium takes place in air at ordinary temperatures. 

Experinmit 2010.—Rate of change of surface potential in air.J 

EUtlrodes, fjolished on 0,00,000 Hubert jiapcr under parallin and 
washed with benzene. Exposed to air for the times indicated in 
column T in the results below; re-polished and cleaned for each 
exposure. For the readings the aluminium ele<;trode is connei?ted 
to the small platinum cathode (previously depolarised by heating) 


in an N/1000 sodium chloride electrolyte. 
Resistance of electrolyte 2,340 ohms. 

Rj 43,500 ohms, llg =- 3,500 ohms. 


Time of exposure 
to air. T, 

MeasiutKl coll 
ivsiHtance. 

Boundiii y 
ivsi^tance. 

Total 

r.m.f. 

Fall in 
total n.m.f. 


ohmK. 

ohms. 

mvs. 

mvs. 

Zero . 

3,900 

1,600 

1,230 

— 

36 minutes l 


1.600 


140 

66 „ 

4,106 

1,705 

1,082 

148 

100 .. 

4,210 

1,870 


180 

120 „ 

4,110 

1,770 


213 

16 hours 

4,596 

2.265 

923 

.307 


The rate of fall of the total e.m.f. is plotted in fig. 3. 


* McAulvy and Bowden (* J. C. S.,* vol. 127, p. 2005 (1925)) say that there are two 
normal states in which iron and sino tend to exists and the F.D. between these two states is for 
sine 75, iron ss 200 mvs. 
t ‘ J. Inst. Met.,* vol. 20, p. 629 (1923). 

% G. C. Schmidt (* Z. Phys. Chem.,* vol. 106, p. 106 (1026)) haa made comparisons 
of the solution potentials of a number of metals both before and after grinding with 
emery. He finds that grinding produces a lowering of the potential and he has measured 
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Section B,—EJfect of Surface Condition on Rectcliviiy. 

The object of the following experiments is to show how greatly the initial 
reactivity varies with the condition of the metal surface, and to suggest that 
surface condition, by determining oxygen distribution, locates the primary 
cathode and anode areas on the metal surface. The surfaces compared in an 
aluminium-platinum cell with dilute oxidising electrolyte arc: (1) turned 
surface, (2) clean emery polished surface, (3) greasy emery polished surface, 
(4) alumina polished surface, (5) pitted and rough ground surface. 

Eayperimerd 2616.—Turned surface. 

Electrolyie. —N/iOOO potassium dichromate solution. 

Electrodes ,—^Anode turned on a lathe with a fine tool. Cathode, small 

platinum (1*4 X 0*5 inch) heated to a white heat and allowed to cool 
before connecting up for each reading. 

Resistance of electrolyte = 1,490 ohms. 

= 42,600 ohms, B 2 = 2,600 ohms. 


Time. 1 

Measured resistanoe. 

Boundary resistanoo. 

1 Total c.m.f. 

Zero 

ohms. 

nut measured 

ohms. 

mvs. 

34 minutes 

3,500 

2,010 

1.140 

76 „ 

.9,700 

3,020 

2.300 

1,120 

161 

2,430 

1,072 

233 „ 

4,300 

2,810 

1,068 

18 hours 

5,080 

3,500 

773 


the rate at which the various metals recover their normal potential (this “normal’* 
potential would probably be found to correspond closely to that of tho normal oxide of the 
pertiottlar metal); Schmidt attributes the differences of solution potential so obtained to 
nuface tension effects. 
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Experiment 2518.—Clean emery polished surface. 

Electrolyte ,—^As in experiment 2516. 

Electrodes ,—Anode polished on 000 Hubert polishing paper under 

paraffin and then rinsed with pure benzene. Cathode small platinum 
as in experiment 2516. 

External resistance as before. 


Time. 

Measured resistance. 

Boundary resistance. 

Total e.m.f. 

Zero 

ohms. 

not measured 

ohms. 

mvs. 

6 minute. 

3,570 

2,080 

1,106 

1,060 

1« . 

3,SS0 

2,300 

34 

4,400 

2,010 

988 

70 „ 

4,610 

3,120 

3,860 

804 

126 

5,350 

866 


Experiment 2511.-‘-Greasy emery polished surface. 
Electrolyte ,—Similar to experiment 2518. 


Electrodes,—Anode P 2 polished as in experiment 2518 under paraffin but 
not washed with benzene, i.e,^ surface left greasy. Other conditions 
exactly as in experiment 2518. 


Time. 

Measured rosistancc. 

Boundary n*ai8tanoe. 

Total e.m.f. 

Zero 

ohms. 

not measured 

ohms. 

mvs. 

4 minutes . . 

4,520 

3,030 

1,263 

14 „ 

5,000 

3,510 

1,160 

21 .. 

5,070 

3,580 

3,830 

1,156 

38 „ 

5,320 

1,150 

167 „ 

6,330 

4,840 

1,082 


Experiment 2616a.— Alumina polished surface. 

Electrolyte, —^N/1000 potassium dichromate solution. 

Electrodes,—Anode A, first polished and cleaned as in experiment 2618, 
and then finished with fine alumina powder and water on polishing 
wheel. Cathode as before. 


Time. 

Measured reiistanoe. 

Boundary resistance. 

Total e.m.f. 

Zero 

ohms. 

not measured 

ohms. 

mvs. 

7 minutes 

4,260 

2,760 

3.230 

866 

17 „ 

4,720 

820 

36 ,. 

6,170 

3,680 

4,540 

766 

77 „ 

6,030 

701 

163 „ 

6,710 

5,220 

634 

286 „ 

7,300 

5,810 

501 

18 hours 

7,600 

6,110 

406 
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ExperimeM 2512.—Pitted surface. 

Elecifolyte .—As before. 

Electroies .—Anode P 4 heavily pitted by immersion in pure neutral hydrogen 
peroxhle solution for one week in a vessel open to the air, washed with 
conductivity water, and then rubbed over with coarse emery paper. 
^ Platinum cathode as usual. 


Time. 

Measui-ecl ivctistAnce. Boundary roHutk 

Total e.m, 


uhiiiH. ohms. 

mvs. 

Zero 

not measun*d 


2 minutes 

4.840 3.360 

l.isti 

5 *» 

5,410 .3,920 

1,130 

H .. 

6,270 4,780 

1,112 

20 » 

H,870 5,.380 

1,073 

136 „ 

8,720 7.230 

052 


Comments on Senes B Experiments. 

The resistance and e.m.f. changes obtained in these exi)criment 8 are plotted 
in tigs. 4 and 5 against the time of immersion. The increase of resistance in 
8000 1 -r-—I- 1 —-- 1 - 1 - 1 
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each castt indicates the formation of bmmdary films due to electrolytic action 
between anodes and cathodes on the surface of the aluminium, that is to say, 



0 30 60 00 t20 150 180 

T/Af£-- Mii^UTES 

Fm r>.—Effect of Surface Condition on Solution Potential. 


that under the conditions of these* experiments the ro/e of increase in the 
boundary rcsistaruje appears to indicate tendency to corrosion. The clean- 
turned and the emery-polished surfaces are the least reactive, the emery- 
polished surface being more reactive than the turnecl surface partly because 
it contains imbedded in the metal numerous emery grains, which can easily 
be seen under the microscope, and because it no doubt contains a certain amount 
of cathodic oxide below the surface which would be completely removed by the 
deeper cut of the turning operation; the greasy emery polished surface and the 
alumina polished surface are very similar in reactivity—the one is reactive 
owing to grease and emery particles isolating anode art^as and the other owing 
to uneven distribution of alumina over the surface ; the old pitted surface is, 
as might bo expected, the most reactive. 

The curves in fig. 6 show the potential changes, and while the initial values 
differ somewhat, the most noteworthy feature is the very low e.m.f. value for 
the cell with an alumina {)olished anode. This low value is evidently duo to 
a film of oxide which is probably formed by the alumina polishing powder 
being pressed into the soft aluminium surface; a special experiment on the 
effect of alumina-polishing the surface of a single crystal is given in Section F, 
and this tends to confirm the above suggestion. 

Experimental Series, E.- Illusirating coyditions favouriyig Local Corrosioti. 

Having shown in the Series A experiments that the surface of aluminium is 
rendered more cathodic by oxidation in the air or by immersion in a dilute 
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•electrolyte, it is now uecessary to illustrate by expcriuient the kind of con- 
-ditioiiB which favour the maintoimnce of a current between scale-covered metal 
and the clean metal. Since the presence of chlorides in a water is known to be 
favourable to the local corrosion of metals, we have therefore used a dilute 
sodium chloride solution as electrolyte in the model corrosion cell experiments 
which follow ; further, the area of the cathode used is much larger than that of 
the anode, a condition favoming cathodic depolarisation by oxygen ; finally, 
oxygen from the air has ready access to the open beaker in which are placed 
the electrodes partly immersed in the electrolyte. 

One electrode is made cathodic by (1) exposure to the air, (2) heating in the 
air, ( 3 ) immersion in the electrolyte, ami the cathode is connected to a clean 
polished alumirnum iinode. While the cell is giving a continuous external 
current through a high resistance, readings ar(5 taken by t]u‘ usual method, and 
the changes in the boumlary resistance at the electrodes and the total e.rn.f. 
of the cell arc obtained. 

Experiment 2661 . -Cathode film formed in air. 

Electrodes, —P2 polished on 0 , 00 , (K)0 Hubert (unery {>aper under paraffin, 
rinsed with benzene, and then exposed to the laboratory air for 16 
hours before being connected to the freshly polished P3 and immersed 
in the electrolyte, an N/UK> sodium chloride solution. 

Size of electrodes. -Pj = 2 by 2 inch immersed, P3 — 2 X ^ in. 

Resistance of electrolyte = 1«67 ohms. 

Rj = 20,600 ohms, Rj 6(M) ohms. 


Timo. 

Boundary resistance. 

Total o.in.f. 


ohms. 

Ill vs. 

Zero 

1,280 

260 

2 minute* 

, 3,003 

142 

8 

4,163 

129 

W .. 

5,043 

113 

*0 „ 

5,503 

113 

76 

' 7,483 

1 129 
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Experiment 2650.—Cathode film formed by heating. 

Eledrodes. —^P 2 polished and cleaned as in experiment 2651, and then 
heated in an air oven for 2 hours at 190” C., cooled and connected 
to freshly polished Ps in a similar sodium chloride electrolyte; the 
same external resistances were used. 


Time. 


Boundary resistance. 


Total e.m.f. 


Zero 

3 miniites 
17 „ 

38 .. 


ohms. 

mvB. 

2,528 

221 

5,003 

154 

5,203 

148 

6,388 

131 


ExperimctU 2657.- Cathode film formed by heating. 

Eledrodes. —^A 2 polished and cleaned as in experiment 2651, and then 
heated in an electric oven for 16 hours at 300^ C., cooled and con¬ 
nected to freshly polished P 3 . 


Electrolyte. —N/260 sodium chloride solution. 
Resistance of electrolyte = 372 ohms. 

Rj == 23,500 ohms, Rj = 3,600 ohms. 


Time. 

Measured resistance. 

Boundary resistance. 

Total e.m.f. 


ohms. 

ohms. 

mvs. 

Zero 

6,000 

12,200 

5,628 

288 

2 minutes 

11,828 

172 

6 

U,200 

13,828 

U1 

18 

10,200 

18,828 

56 


FdUBhed and cleaned both A| and Pj and reconnected in same electrolyte. Current reverses, 
AI now the anode, and Pj the cathode, reading:— 



ohms. 

ohms. 

mvs. 

Zero 

900 

528 

57 
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Expmmenl 2658.—Cathode him formed by immersion. 

Electrodes .—polished and cleaned as in experiment 2651, immersed in 
the chloride electrolyte for 100 minutes, and then connected to the 
freshly polished Fj. 

Electrolyte. —^N/250 sodium chloride solution. 

Resistance of electrolyte and the external resistances as in experiment 
2667. 


Timp. 

MoHAurocl rpAistance. 

Boundary rcHistance. 

ToUU p.m.f. 


ohms. 

nhmii* 

mvH. 

'ro . 

4,270 

3,898 

311 

3 minuteB 

4,140 

3,768 

188 


9,900 

9,618 

147 

e .. 

8,050 

7,078 

76 


8,580 

8,158 

77 


Results of Exrperimenls, Series E. 

The previous experiments show that when the metal is rendered cathodic 
by exposure to air, by heating, or by immersion in an electrolyte it will in a 
dilute chloride solution maintain a current with the polished metal, and it 
would equally appear that a current should be set up if part of a metal surface 
were rendered cathodic by any of the above processes, the rest of the surface 
remaining anodic. 


Experiments F, on Resistant FUms. 

As experiment 2657 shows a large incr^e in the boundary resistance when 
a thick film is i^esent on the cathode, it is important to investigate fruther the 
effect of such films on the rate of corrosion. In the following experiments a 
comparison is made between the film-covered and the polished metal and the 
influence of such films on the rate of corrosion is indicated. 
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Eisperimni 2701.—Oxide film on metal. 

Electrdyte .—/500 sodium chloride solution. 

Eledrodes .—Small platinum cathode heated before each reading. Anode 
A 2 polished under paraffin with 0.00,000 Hubert emery papers and 
rinsed in benzene; heated in an air oven for 6 hours at 160® C., 
allowed to cool, and then oonneete<l in the electrolyte. 


Resistance of electrolyte = 800 ohms. 
Ri = 43,600 ohms, Rj — 3,500 ohms. 


Time, 

Moasiirod n^RiRtance. 

Biuindary resistance 

1 Total e.ra.f. 


nhmR. 

olims 

JUV3 

Zero 

4,490 


828 

4 minutes 

4,800 

4,0(50 

890 

13 „ 

4.000 

;),800 I 

903 

29 „ 1 

0,000 

4,200 1 

005 

79 .. 

ii,m 

4,520 

800 

180 „ 

5,200 

4,i00 

804 


ExpenmiU 2712.--Oxide film on metal. 

Electrolyte. —^N/1000 sodium chloride solution. 

Electrodes .—Small platimim cathode heated as usual. Anode F| polished 
ns in experiment 2701, and then heated in an electric air oven for 66 
hours at 300® C. 


Resistance of electrolyte = 1,549 ohms. 
R] 43,600 ohms, R 3 = 3,600 ohms. 


Time. 

Measured resistance. 

Boundary resistance. 

Total e.m.f. 


ohms. 

ohms. 

mva. 

Zero 

9,080 

8,381 

936 

3 miuntw 


12,081 

1,000 

10 „ 


12s86l 

1,014 

35 


12,661 

075 

114 

13,460 

11,001 

906 

18 honn 


12,401 

964 
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Exfieriment 2711.-- -Oxide film on metal. 

Eledrdyte.- -N/250 sodium chloride solution. 

Eledfodes.- -Platinum euthode as before. Anode. Pj polished as in experi* 
mciit 2701 and heated for Oo hours at 300® (J, 

Kesistance of electrolyte — 4(>2 ohms. 

Kxtermil resistance ns in experiment 2712. 


Tunc. 

Meaftuitil 11**51'll anof\ 

Buimdaiy iv«;iHtancc. 

Total o.m.f 

1 

nlirn*^ 

fihm'j. 

1 

mvs. 

Zero 

4 ,sr)(» 

4.(48 

!>21 

5 mmutcM 

T.SKHl 

7,498 

974 

n „ 

H. 3 I 0 

7,908 

972 


S.ltiO 

7,758 , 

97tl 

10: .. 

Mwi 

7,758 ! 

976 

373 

: MX) 

7.098 

m 

IS hoiiiM 

T.Mtl 

1 

1 

7,108 

1 

m 


ErfH-iiimii 2720.- (lean polished metal. 

Electrolyte.—a jKXK) sodium chloride solution. 

Ekctrodc.s. —Platinum cathiale. as iBual. Anoile A 2 ^mlished as in experi¬ 
ment 2701, connected with the cathode and at once imniersnl in the 
electrolyte. 

Resistance of electrolyte " 1,549 ohms. 

External resistance as before. 


Timo. 

SfcMUitsl RsiiitMir-p. 

i 

Boundary resi^tanco. 

Total r.ra.f. 


ohmH. 

ohm'*. 1 

invH. 

Zt-io 

.%2(I0 

1,651 1 

1,142 

4 minutra 

4.820 , 

3,271 

1,093 

Ifi „ 

4,420 ! 

2,871 

875 

32 „ 

4,760 

1 

3.211 

8rv( 
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Experime^d 2721.—Clean polished metal. 

Electrolyte, —N/260 sodium chloride solution. 

Electrodes .—^Platinum cathode as usual. Anode A, polished as in experi¬ 
ment 2701, connected with the cathode and immersed in the solution. 
Resistance of electrolyte = 402 ohms. 

External resistance as before. 


Time. 

Measured tesistance. 

Boundary roaistanoe. 

Total e.m.f. 


ohms. 

ohms. ! 

mvs. 

Zero 

not measured 



2 niiniiU'H 

2,175 

1,773 1 

1,003 

» »» 

2,710 

2,900 

2,308 ' 

054 

27 

2,498 

3.238 

001 

18 hours 

3,640 

834 


Tlic results of the preceding five exjKiriments are plotted on the curves figs. 
6 and 7. 



Fio. 6.—Comparison between the Action of Sodium Chloride Solution on an Oxidised and 
on a Polished Aluminium Surface. Boundary Resistance in an Aluminium/Platinum 
Cell with Sodium Chloride as Electrolyte. 







AN 
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TtMK 

Fiu. 7.—Ciumparuon between the Action oE Sodium Chtoride on an Uxidiaod and on a 

Polished Aluminium Surface. 


HesuUs of EsperinietUaJ Series F on Boundary Oxide Film. 

The curves in fig. 6 show tlmt where the metal is already covered with an oxide 
film a high boundary resistance is obtained, and that this resistance increases 
with the thickness of the film (a thicker film being presumedly formed at 
300“ C. than at 1(50“ C. in the same time), and with increasing dilution of the 
electrolyte, The curves in fig. 7 for e.m.f. changes show an initial rise of e.m.f. 
when the oxide film is pre-seiit, and a rapid fall where no film was originally 
present. 

This increase in boundary resistance with film thickness is evidently a very 
important factor in corrosion, and in Table 111 Mow some interesting com¬ 
parative figures are given. 

While the initial boundary resistance may be mainly due to gas layers on 
the metal surface, the increasing resistance shown in the last three experi¬ 
ments of Table 111 is mainly due to the presence of solid films of increasing 
thickness. 






368 


L. H. Callendar. 


Table III.—Influence of an Oxide Film on the Bo\mdaiy Resistance. Electro¬ 
lyte, N/1000 NaCl solution. Aluminium Anode, Platinum Cathode. 


Kxpenmenfc 

No. 

Condition of metal surfuor. 

Initial boundary 
resistance. 

2720 

Clean emery ])oliKhtHl Hui-faee 

ohms. 

1,651 

2602 1 

1 Film formed by 18 htiui's’ expnsuiv lo air at 20'’ (', 

2,601 

2709 1 

1 Oxide film formed by heating at IW)® C. for 8 hours 

4..3U 

2712 1 

1 Oxide film formf^l by heating at ,300° C. foi 6.3 hours 

8,.38l 

2721 

1 Visible film - - Anodic oxidation* 

1 1 

26,300 


• The elect rolyt.e used here wftS N/50() NiiCl solution. For method of preparation of these 
films see “ The Anodic Oxidation of Aluminhim and its Alloys as a Protootioii against Cor¬ 
rosion.” H.M. Stationery Ofliee, 1926, and British Patents Xos. 223991/5, by O. D. Bengough 
and J. M. Stnait 

Films Formed 6// Polish!mth Alum inn. 

Since tht' riso m potential obtained by polisluiig aluminium with alumina 
indicates tbe formation of an oxide film, it is interesting to examine bow a 
surface film so formed bt*haves in comparison with a polished surface ; to 
emphasise the difference between sinh surfaces a sodium nitrate solution was 
used as electroljrte; for the experimental surface' a single crystal of pure 
aluminium was used. 

Experiment 2522.—Alumina-finished surface, 

Eledrolfpe.—^f5i)i) sodium nitrate solution. 

Electrodes,- Anode single crystal of aluminium polished on Hubert 
paper under paraffin and finished by six hours’ polishing on a rotating 
wheel with fine alumina f)Owder and conductivity water; a fine 
bright reflecting surface was obtained. The anode was then rinsed 
in benzene to remove grease and connected to a recently heated 
platinum cathode and immersed in the electrol3rte. The cathode 
was heated before each reading. 

Resistance of elecitrol)rte -- 1,500 ohms. 

R, = 43,500 ohms, Rg — 3,600 ohms. 


Time. j 

Measured resistance. 

1 Boundary resistance • 

Total e jn.f.. 


ohms. 

1 ohms. 

mvs. 

Zero 

8,000 ; 

; 6.500 

68a 

17 minutes .. 

8,180 

1 6,680 

616 

56 „ 

10,720 

! 9,220 

694 

105 „ 

13,400 

11,900 

541 

172 „ 

17.200 

! 15,700 

514 

18 hours 

21,600 1 

1 

i 20,100 

1 

251 

1 




Influence of Boundary Films on Co'i^osive Action, 369 


Exjiefimmi 2626.—Clean emery polished surface. 

Electrolyte. —^N/600 sodiiim nitrate solution. 

Electrodes. —^Anode single crystal of aluminiuiu polished on Hubert 

paper under paraffin, rinsed with benzene, luul then connected to 
the platinum cathode ; the latter being hoati*d before each reading. 
Electrolyte and external resistance as before. 


Time. j 

MeaBureU rcamtanro. 

Boundary reHistance. 

1 

1 Totftln.m.f, 


ultiufl. 

ohms 

in vs. 

Zero 

2,790 

1,290 

1.051 

IS miniiicB 

4.390 

2.690 

S40 

31 „ 

ri,240 

.3,740 

S30 

61 

fi,070 

4,570 

775 

is huiira 

12.210 

1 

10,710 

421 


CotmruiiUs on Alumvui Polishimj EjoperinevUs. 

The alumina polished surface gives initially boundary rcBiatancc and e.m.f. 
hgmes approximately the same as the clean metal does after about 2 hours’ 
immersion in the nitrate solution; this tends to iudi(;ato that botli imtuersioii 
m a nitrate electrolyte and alumina polisliing result in the formation of an 
oxide film in close contact with the metal and sinaUir to that formed by heating 
in air; in any case the film is strongly cathodic to the metal itself and would 
bo likely to set up a current with any part of the metal from which it was 
removed. 

Discussion of Results. 

Boundary Films.~ThG first series of oxixjrirnenis indicate* various ways in 
which tho surface potential of aluminium may be altered, and this alteration 
in potential is attributed in the first place to the formation of an oxide film on 
the metal surface (though when the metal is immersed in an electrolyte there 
may be a further fall in the e.tn.f. of the corrosion cell due to hydrogen polarisa< 
tion). It is evident tho commercial metal will be normally covered with an 
oxide film, but as shown in experiment 2610 this film forms relatively slowly 
in the air at ordinary temperatures, so that while it is forming its even distribu¬ 
tion may be prevented by tho settling on the metal surface of impurities from 
the air such as dust, grease, moisture, etc., and by irregularities in the surface 
itself; it therefore appears that the primary cathodic areas over tho metal 
surface will be detennined by this purely accidental distribution of oxide. The 
pnmaiy anodic areas, where local solution of the metal will start, will be those 
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parts wliich were covered in the air but which the electrolyte can reach, for 
example covered by some material soluble in, or ciisily washed off, or pene¬ 
trated by the electrolyte sucli as salt, dust or sand, and those parts which were 
not oxidised in the air for any reason such as their being covered up by the metal 
resting on them, or because of th(;ir depth below the siurface and their relative 
inaccessibility. The conclusion is thereftire reached that tlu; initial tendency 
to corrode and the distribution of corrosion are mainly determined by the 
primary boundary film on the in(‘tal. 

Surface Condition and Reactivity. —^b’urther confirmation of the above con¬ 
clusion is obtained from the next c\|)(irimciit8 in which tli(* e*ffc<jt of differences 
in the surface condition of the metal is emphasised by using an oxidising elec¬ 
trolyte in a special corrosion cell. First tlu^re is a clean turned surface which 
shows very little activity, for on immersion in the solution it becomes evenly 
oxidised and any slight differences in potential over the surface are equalised 
by the conveyance of bichromate ions to the anode areas, tliis very dilutes 
solution being apparently sufficient for the purpose*. The clean emery-polishtsd 
surface is apparently more reactive than the turned surface, and this may be 
attributed to the presence of emery grains (dust from the sir may be expected 
to have a similar accelerating action). The alumina-polished and greasy 
surfaces are more reactive owing in the one chso to the unov(‘n distribution of 
alumina, and in the other to the location of the anode areas being mainly 
determined by grease patches acting as oxygen scn^cus. The old pitted surface, 
although roughly polished, shows by far the greatest reactivity for the relative 
inaccessibility of the bottom of the pits, and the old semi-porouH films over the 
mouths prevemt oxygen and bichromate ions from reacliing the main anode 
areas, so that there is all the more oxygen available for hydrogen depolarisation 
and the maintenance of a large P.D. h(*twcen the cathode; areas and the anodic 
pits. 

Scale—Metal Corrosion Cdl .—The e;xi)erinientH in Section E show that the 
maintenance; of a current between the scale-covered ami polished metal in a 
elilute solution (chloride) is equally successful whether the caihode film is formed 
by exposure to air, by immersion in an electrolyte, or by heating in the air; 
in practice the metal will always be liable to exposure to one or other of these 
methods of oxidation, and when the metal coTues in contact with an electro¬ 
lyte, an uneven distributk>i] of the oxide film may be the origin of local corrosion. 
In all these experiments there is a fall in the total c.in.f. of the coll, and this is 
mainly due to oxidation of the polished anode by oxygen in the water, for it is 
found that, if the anode is repolished, the total c.ni.f. of the cell rises almost to 
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the original figure. It is sei*n, tliereforo, tlmt the iin]>urtant factors for the 
continuance of local corrosion are, that oxygen should be prevented from reach¬ 
ing the anode areas and that the cathode areas should have a regular supjdy. 

Injlxience of Oxide Films on llie Rate of Cor)‘osio7i ,—It has beiui sl»owii by 
Pilling and Bedworth* that the oxide film formed by heating aluininiurn in 
air continues to thicken even at a temperature of 000° C., luitil the metal has 
1)0(511 heated for about 70 hours, but after this oxidatiun a]>pfirently <*tMses. 
Sinoo the proc.ess of manufacture recpiires the heating and meU-mg o! tlH5 nu'lal 
we may often oxfiect to find the surface of th(i commercial iiu^tal covered with 
a thick oxid(' film ; it is, therefore, important to examine the (‘fleet of such iilnis 
on the (iorrosion of tlio metal. I'hoonjtically it appears tliat if tlus iilin is 
locally removed just liefore imiuersion in the oh^ctrolyte the exposed area will 
be anodic to the film and will (!orrod(5, but from the experiments in Sef‘tion F 
it is seen that the film gr(5atly increases the initial boundary resistance, tfiori^- 
foT<? it appears that although some action might take place, the prt'sence of the 
film must greatly riidiice the rate of corrosion. Tlussc e.xperiments show also 
that the boundary ivsistance iiuireascs both with the thudeness of the film and 
with the increasing dilution of thij electrolyte, whi(^h suggests that while part 
of the resistance may b(^ tluit of the film, a part is also due to an adsorb(‘d layer 
of spent electrolyte. The final experiments show that a similar resistant oxide 
film can be forrn('d on aluminium by merely polishing with alumina and water. 

In conclusion it seems probable that the results obtained in this paper must 
in many cases supply the explanation for the initiation of local corrosion of 
otlier metals besides aluminium, in faefi it would ajipear that whertsvor a metal 
iron, zinc, etc.) t('nds to form oxide films or scales of liigher potential 
than the metal itself, it may for this very reason be liable to local corrosion ; 
the boundary resistance eff<‘cts will vary with different metals according to the 
particular properties of the films formed. 

Summary, 

The local corrosion of metals in normal waters is goV(‘riU‘d by boundary 
films of a solid, liquid, or gaseous nature present on the metal surface. 

The surface of those metals liable to local corrosion is normally mor** or less 
covered with an oxide film, and wlu^re this film is of higher potential than the 
metal itself, its distribution determines the location of the primary cathode 
and anode areas before the metal comes in contact with the electrolyte. The 

* N. B. lulling and H. E. Bedworth, ‘ J. Inst. Metals/ vol. 20, p. 529 (1023). 
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dutiibutiou of this oxide film is determined by the presence of foreign sub¬ 
stances on the metal surface and by irregalarities in the surface itself. 

When the metal comes in contact with the electrolyte the oxide film is the 
primary cathode and metal passes into solution at unoxidised parts of the 
surface, and experiments show that the continuance of this current between the 
cathode film and the metal is dependent on the prevention of diffusion of 
oxygen to the anodes, and they also indicate that the original location of the 
cathode and anode areas is likely to bo altered by the distribution of oxygen 
within the solution. 

The boundary resistance between the electrodes and the electrolyte is an 
indicator of the rate of corrosion; the normal cathodic oxide film formed in 
air is so thin that it has little effect on the rate of corrosion, but the thicker 
oxide filiTiH formed by heating give a high boundary resistance and must tend 
to retard corrosive action; oxidising electrolytes also retard corrosion by 
increasing boundary resistance. 

With aliuninium the boundary resistance increases both with increasing 
dilution of the electrolyte and with increasing thickness of any oxide film 
present on the metal surface. 

The author wishes to acknowledge his indebtedness to Prof. 11. C. H. Car¬ 
penter, F.B.S., for arranging for the work to bo done in bis laboratories and 
for the interest he has shown in its progress; and he also wishes to express his 
thanks to Mr. B. May and Mr. J. M. Stuart for reading through the paper and 
making valuable suggestions. 
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The Band Spectrum of Water Vapour. 

By David Jack, M.A., B.Sc., Assistant and Carnogio Teaching Fellow, The 

University, St. Andrews. 

(Coinmunicaiod by 0. W. Richardson, F.R,S.—Received March 25,1927.) 

[Pr.ATE 6.] 

1 . Experimental Evidence on the Nature of the Emitter, 

Experiments on the spectrum of burning hydrogem or hydrogen compounds 
by Liveing and Dewar* led to the discovery of thi; now well-known band 
spectrum of water vapour in the ultra-violet. Its discovery was published 
simultaneously by Huggins.f The presence of water vapour, or of both its 
constituent elements in flames, in an electric discharge or in an arc, always gives 
rise to this spectrum, which consists of several well-marked bands. With 
oxygen, even when it has been subjected to the most powerful means of drying, 
it is not possible to eliminate completely the water-vapour bunds, and con¬ 
sequently it was believed that these bands were dne to oxygen.^ Eder and 
Valenta§ showed, however, that the addition of a small quantity of hydrogen 
to the oxygen in a discharge tube greatly enhanced the intensity of the bands. 
Their appearance with dry oxygen is presumably due to the emission by the 
electrodes of small traces of liydrogen, which combine with the oxygen under 
the influence of the discharge. Grebe and Holtz,1| in 1912, came to the con¬ 
clusion that the emitter was some combination of oxygen and hydrogen, although 
not necessarily HgO. Reiss^ obtained the spectrum with cyanogen burning 
in very dry oxygen, and in 1914 i'ortrat** attributed the spectrum to oxygen. 
More recent experiments have been carried out by Watson,who found that 
when water vapour was tjxcited by a weak elcctrodoless discharge, the series 
lines a, ^ and y ot hydrogen made their appearance along with the water- 
vapour bands. This indicates that even with weak excitation the water 

* * Boy. Soo, Proo./ vol. 30, p. 680 (1880); vol. 33, p. 274 (1882), 
t ‘ C. E.,’ vol. 90, p. 1465 (1880). 

X W. Steubing, * Ann. d. Phyaik,’ vol. 33, p. 673 (1910), 

$ * Beitrage zur Photochomie u. SpektralonalyBe,* p. 21. 

II * Ann, d. Physik,' vol. 39, p. 1243 (1912). 

II * Z. f. Phya. Chemie,’ vol. 88, p. 666 (1914). 

«• * J. de Physique,* vol. A P* 20 (1924). 
tt ‘ Afltrophys. Joum.,* vol, 3, p. 146 (1924). 
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molecule may be broken up, at leant intf) OH and H. Under similar conditions 
ho obtained the benzene bands without any evidtmcc of the breaking up of 
the complex benzene molecule. Wlien water vapour was subjected to a 
powerful disruptive discharge, the characteristic oxygen bands appeared, which 
showed that under these conditions complete dissociation of the water molecules 
was taking place. Watson concluded that the bauds were probably due to 
the OH ion, and in support of this view he gave further evidence, which will 
be referred to later, based on an (»stimate of the moments of inertia of the 
emitter. 

2. Bamls X 3004 and X 3122. 

Among the earlier measununents of the water-vapour spectrum may be 
mentioned those of Liveing and Dewar,* Meyorluim,t and Grebe and Holtz.J 
Some of the lines have been arranged into series by Meyerheim, and Deslandres 
and D. AznrHbuja,§ but to IleiirlingerU is due the credit of giving a complete 
arrangement into series of the lines measured by Grebe and Holtz. From 
these measurements Heurlinger picked out two bands with heads at X3064 
and X3122. With the exception of a group of closely packed lines probably 
forming the head of the band 3122, for which region complete details arc not 
given by Heurlinger, all but 10 of the 260 lines measured by Grebe and Holtz 
are included. Fortrat succeeded in resolving some of the lines given as single 
by Grebe and TIoltz and gave the wave-numbers of 7 lines forming the head 
of the band 3122. Photograph No. 1 of Plate 6 shows the appearance of the 
bands 3064 and 3122. The band 3122 is much weaker than the band 3064, 
by which it is entirely overlaid, so that it is not obvious as a separate band 
in the photograph. In fact, Heurlinger considered these two as forming a 
single band, but the work of Dieke^l and of the author shows that they must 
bo treated as cpiite distinct. 

3. General Structure of the WcUer^Vapour Bauds. 

Each band consists of six branches, for which the wave-numbers of the lines 
fit approximately into parabolic formulse, w'hich are, however, not in exact 
agreement with the elementary quantum theory of band spectra. Heurlinger 
denoted these branches Pj*^, Pj*", where p ]. 2. T'ho index, 

* ‘ Phil. Trana.,' A, vol. 170, p. 27 (1888). 

t * Z. f. wise. Phot.,* vol. 2, p. 131 (1904). 
t Loc^ 

§ ‘ C. E.,* vol 157, p. 814 (1013). 

II “ Untoisuchungon ttber dio Struktor der Bandenspektra,'* Lund (1018). 

*K. Akad. Wetensoh. Amsterdam/ vol. 28, p. 174 (1925), 
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p, was used to disliingiiish the i>rane}t4\s w]u<'li belong lo wbnt are now con¬ 
sidered as separatti bands. 'Hie use ot tlic index will tilierefore Ixi dropped. 
The branches lie fairly ciUwely together in fwvire fonniiig doublet branches, 
which will b(! denoted, P, (f. It,. 'I’hi* structure of the bands may I)C8t be 
illustrated by plotting as .abseiss.'B the wav«*-nnmbi‘rs, v, of the lim-s and as 
ordinates the rotation (pmntiuu numlvrs, m. This is done in lig. i for the 
band 3064. 

The component.s of the doublets are widely separated for the lower values 



of m and becomo closer as m increases, ijorne of the doublets belonging to 
the P branch of the band 3064 aro plainly visible in the photograph, Plate 6, 
No. 1. 

Heurlinger gave several empirical relations between the doublet separations. 
He diowed that, exe.ept for irregular variations, 

P,(in) - Pi (m) = R, (m) - R, (m) - 28, 

and Pa (m) — Pj (m) = Qj (w) — Qj (m) — 2e (w), 

where 8 is a constant and e (m) a function of m, and P^ (>n) represents the 
wave-number of the line in the P^ branch having the quantum number m. 
The function 2g (m) is very small for the lower values of m, but for the higher 
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values it amounts to about 20 per cent, of P 2 (j») — Pj (m). The separation 
of the components in any one branch is given by an expression of the form, 

Pg (m) — Pj (m) = 2^ (1/w), 

where <f> {1/m) is a power series in 1/w. Hcurlinger further pointed out that 
corresponding doublets in tlie two bands liave almost equal separations, but 
that the deviation appears to be systematic. 

4. Bands X 2811 and X 2876. 

Watson* gave details of two bands, X2811 and X2876, which arc similar 
in structure to the two already mentioned. lie measured these bands from 
photographs taken in the second orde.r of a 21*foot concave grating. They 
are much weaker than the bands measured by Grebe and Holtz, and exposures 
of six to eight hours were necessary to obtain satisfactory photographs, using 
a powerful discharge througli wate vapour. In ordi^r to eliiniuatci as far as 
possible the continuous spectrum of hydrogen, which is troublesome when a 
discharge tube of the usual form is used, the apparatus was arranged so that 
a stream of water vapour could bo kept flowing through the tube. Watson 
also made measurements of a scries of single linos lying near the head of the 
band 3064. These lines lit fairly closely into a parabolic formula. The bands 
2811 and 2876, and also the singlet series, are shown in photograph No, 2, Plate 6. 

Comparison of the results given by Heurlinger and Watson reveals a striking 
similarity between the various bands. The separation in corresponding doublets 
is practically identical for the two bands 3064 and 2811, and the same is true 
of the bands 3122 and 2876. Watson estimated the moments of inertia of 
the emitter of the bands 3064 and 2811 and obtained the same final value in 
both cases, but appreciably different initial values. Diekef showed that the 
differences, Q* (w) — P* (m — 1) and B| (m) — Qi (m + 1), {% = 1, 2), have 
within the limits of error the same values in the bands 3064 and 2811, and again 
in the bands 3122 and 2875. The two bands in each pair have therefore the 
same final state, and the equality of the differences (m) — P^ (m) in the 
bands 2811 and 3122 indicates a common initial state. 

6 . Nm Exferim&nU on the Water-Vapour Spectrum. 

To provide a check on these relations by comparing the differences of the 
wave-numbersi % of the null lines for pair of bands having the same initial 

• • Astrophys. J.,* vol. 3, p. 146 (1024). 

t * K. Ak^. Wetensoh. Amsterdm,’ vol. 28, p. 174 (1925). 
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or the same final state, further data were necossary. The author therefore 
commenced an investigation on otlier bands of the system. The rapid falling 
off in intensity between the bands 3064 and 2811 indicated that the next band, 
X 2608, discovered by Ileslandrcs* and referred to by Liveing and Dewar,f 
would be so weak as to call for unduly long exposures with a grating spectro- 
giaph giving high dispersion. A preliminary investigation was made with a 
small Hilger quartz spectrograph (E 3), but the dispersion which amounted 
in the region of the band 2008 to about 9-6 A. per inm. did not resolve 
sufficiently some of the more closely packed lines to permit of satisfactory 
moasuromonts being made. The small instnunent was replaced by a large 
Hilger quartz spectrograph (El), which gives a much higher dispersion; flie 
simplicity of the optical system p(umits of reasonably short exposures. The 
instrument is of the Littrow typo and may bo adjusted so that any desired 
region of the spectrum may bo photographed. With the adjustments used 
in these experiments the range of wave-lengths included on a 10-inch jJate 
was about 3390 to 2435 A.U., and the dispersioTi in the rc'gion occupied by 
the band 2608 wiis about 3*4 A. per mm. The arraugoments for exciting the 
spectrum were very similar to those employed by Watson. A bulb containing 
air-free distilled water was connectcid by a capillary tube to one end of an end- 
on discharge tube provided with a quartz window. The other end was con¬ 
nected tlirough drying tub(^s to a two-stage rotary oil pump. The pump was 
kept running during an exposure to prevent an accumulation of hydrogen in 
the discharge tube, and tlie dimensions of the capillary tube wore so chosen 
as to give a suitable pressure of water vapour in the tube. It was found that 
a capillary of about 1 mm. bore and length 10 cm. was suIBcient to prevent 
the pressure from becoming too high. The water vapour was excited by means 
of the discharge from an induction coil. Keasonably intense photographs of 
the band 2608 were obtained in about two hours. The irou-arc spectrum 
was used for comparison, a photograph of the iron arc being taken before and 
after that of water vapour so that any shift due to temperature variations 
might be detected. The wave-lengths of the iron lines used as standards 
were those given by Kayser and by Burns. A considerable number of very 
faint lines which appeared over the range included on the plates was attributed 
to the presence of stop-cock grease. 


* * 0. R./ r(A. 100, p. 854 (1885). 
t * Phil. Trans.,' A, vol. 179, p. 27 (1888). 
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(). Mmsufvttmds of the Band X2G()8. 

New meaHurementfi of this band were made by the antlior Ironi five different 
photographs and the wave-h^ngths obtained are probably accurate to within a 
few liundredtha of an Angstrom unit, except perhajw for some of the fainter 
lines and lines which overlaj). Besides the band 2608 a series of single lines 
near the head of the band 2811 was measured from three different photographs. 
Both the band and the singlet series are shown in Wate 6, No. 3. Plate 6 is a 
reproduction from photographs taken with the largo quartz spectrograph. The 
figures indicate wave-Ieiigt.hs in Angstrom units. The author’s arrangement 
of the lines of the. band 2608 into scries is shown in Table I, where the wave¬ 
lengths in air and the vacuum wave-numbers, ttigetber with their first and second 
differences, arc given. The intensities, I, are on the scale 1—10, 10 denoting 
the strongest lines, while 0 is used to indicate very faint lines. The letter v is 


Table 1.—Band X2608. 
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Table I (continued). 
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Table I—(continued.) 
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38149*30 

43*27 

7-68 


2017 61 

38190*97 

45-45 

0*47 

12 

0 

2623-17 

38100-13 

49*39 

6-12 

1 

2620*76 

38145*62 

63*19 

7*84 

13 

1 

2020-90 

1 

37056-62 



10 

1 

2024 42 

38092 33 




* Ni>l obsoi vi’d. 


added when the line appears diffuse or where overlapping is suspected. Fig. 2 
is the result of plotting m aud v. 
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7. Apjplication of the Cotnbination Principle. 

Adopting the notation of Richardson and Tanaka, the quantities P(m), 
Q (m), and R {m), which represent the wave-numbers of the band lines, are 
delincd by the expressions, 

P [m) - - Vo + F (»«1) —/ (»»)i m — 1 -> w, "j 

Q (m) = Vo -f F (m) —/(»»), m -*■ tn, ., (1) 

R (m) =- Vo -f F (w + 1) —/ {w), m -f 1 ^ w, ] 


whore F represents the initial and/the final rotation term. If I and P denote 
the initial and final values of the moment of inertia of the emitter, and B — 
hjSv^lc, B' = hlHi^l'e, c being the velocity of light, then, 


P (m) = Vo -H (B — B') »»* — 2Bm + B, 
Q (m) _ Vo -1- (B - B') 

R (m) =.; Vo + (B — B') m® -f- 2B/ft B. 


(•■i) 


Equations (1) lead to the combination relation, 

Q {m - 1) - P (w) = R (w ~ 1) - Q (»a). (3) 

Since the mean values of the doublets fit more closely into parabolic formula! 
than do the individual wave-numbers, the quantities P (/»), etc., will bo taken 
to represent J {Pj {m) -f- Pj (in)}, etc., in dealing with the general structme 
of the water-vapour bands. The differences Q (m — 1) — P (w), R (in — 1) 
— Q ttud Q (m) — P (in) are given in Table II. 


Table II. 


X 9064 


A 2811 


A 2008 


A 3122 


A 2875 


Q (m — 1) — P (m). 


z 

72*48 

72-27 

72 09 


69*77 

4 

10e*63 

109*65 

109*63 

105*67 

106*12 

6 

I4a-7i» 

146*04 

145-65 

141*26 

140*78 

0 

183*27 

183*30 

183*03 

176*45 

176*30 

7 

219-44 

219*60 

210*70 

211*21 

210*74 

8 

2Q6-2S 

255*33 

255-30 

240-51 

246*63 

0 

200-56 

290*70 

200-88 

278*07 

270-40 

10 

325*48 

325*73 

325*40 

313*25 

312 45 

11 

360*79 

350*94 

360*03 

346*07 

315*03 

12 

303*81 

303*88 

303-70 

378*63 


13 

427*11 

427*00 

427*37 

410*64 

—. 

14 

409*00 

460*73 

460*43 

442*18 

,— 

15 

402-00 

402*35 

491*70 

473*02 


16 

623-54 

524*05 

524*08 

503*02 

— 

17 

564*81 

554*30 

555*22 

582*64 
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Table II (continued). 

\281l A 2008 A 3122 A 2873 


R (m 1) -- Q (wt). 



72 34 

72 45 

72*40 



4 ' 

1 100*81 

109 73 

109 81 


— 

fi 

147*13 

146*95 

146*64 


137*36 

(i 

184 20 

184-17 

182-51 

- - 

174-.17 

7 

221 11 

221 04 

221*45 

210 26 

212-15 


267-7+ 

258-11 

257*72 1 

246*88 

248*33 

0 

294 15 

294 05 

294*15 

282 02 

283 10 

10 

330*20 

330*38 

330*13 ' 

317*19 

- 

11 

300*05 

365 IM 

366*16 , 

352 25 


12 

101*38 

401*54 

401 15 

386 38 

: 

13 

436*58 

436*68 

436 27 

421 54 

- 

U 

170*69 

471*10 

471*03 



15 

504*05 

504*57 

— 

_ 


10 

538*12 

538 34 

- 

. 

- 

17 

570*76 

571 02 

1 

J 


* 


Q (m) 1* (wi)- 


2 

33 92 

32*05 

29*67 


.‘U)'52 

3 

67*64 

64*47 

UO OK 

64 13 

61*07 

4 

101*39 

06-27 

91*22 

00-01 

91*41 

5 

13+-)H 

128-13 

120-30 

128*26 

122*68 

6 

168*01 

159*68 

151*11 

160-90 

151*17 

7 

200*75 

190-87 

180-46 

191*05 

180-87 

8 

233-10 

221-02 

209 71 

221-58 

200*89 

0 

265*11 

252*01 

238*56 

251*75 

237-07 

10 

296 62 

281 66 

260*54 

282-85 

266*45 

11 

327*60 

311*12 

294 25 

311-26 

295*98 

12 

358*14 

339*02 

321*47 

340-11 

— 

13 

388*01 

367 97 

347 94 

368-50 


14 

417*33 

395*18 

373*77 

300-17 


15 

446*01 

422*96 

399*38 

422-92 

—. 

16 

473*71 

449*42 

424*09 

440-30 

—. 

17 

501*12 

474*50 

447*36 

474-8.1 

- - 


There is reasonably good agreement between the difiorences in equation (3) 
for the first few values of m, but as m increases a marked deviation from equality 
makes its appearance. This is seen by comparing corresponding columns in 
the first two sections of Table II. Dieke considers the failure of the combina* 
tion principle to be due to the Q series having final terms which differ from 
those in the F and R series. 

8 . Moments oj Inertia. 

The values of the moments of inertia of the emitter can be calculated from 
the figures in Table II, as it is obvious from equations (2) that 

Q (m - 1) - P (w) = R (w - 1) - Q (»») = B' (2m - 1) 

Q (m) - P (m) ^ R (m - 1) _ Q (« - 1) =.B (2m - 1). 
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Since the wave-number difiensnceB in these ec^uatioiis are not really equal, 
different values of B and B' are obtained actsordinj^ as they are calculated 
from the P and Q differences or from the R and Q differeii(*cB, but the differei»ce 
in th <3 actual values is not great, and tho same relative values for the various 
bands result. The P and Q differences hav(j bcim chosen here as they provide 
a greater qiaintity of material. The choice of the P and R flifferences i.s 
perhaps to bo preferred if, as Dieke suggests, the final Q terms differ from the 
P and R terms, but ai tually very similar results arc obtained and the data 
on the R branches in some of the bands are vt^ry limited. It will be observed 
that the values of B and H', given in Tal)le fll, iiuTt^ase rapidly at first as m 
increases and gradually reach stafJonury values, after which they begin to 
decrease. 


Table IIJ. 


m. 

3004 

2811 

20U8 

3122 

2876 

3084 

/i/Sir»IV. 

2811 j 2li()8 

3122 

2875 

2 

n-3 

10-7 

9*9 

_ 

10-2 

. 

_ ^ 

_ 


_ 

S 

13-5 

12*0 

12-1 

12-8 

12 2 

11 5 

U-ri 

U 4 


14*0 

4 

14-6 

13-7 

130 

13-8 

13-1 

15-7 

15-7 

15-7 

15*1 

15-2 

6 

16-0 

14-2 

13-5 

14 3 

13-0 

16-3 

10-3 

10 3 

15-7 

15-6 

S 

15-3 

14-6 

13-8 

14-0 

13-7 

16-7 

16-7 

lO 7 

10-0 

lO-O 

7 

15-4 

14-7 

J3 9 

14-7 

13-9 

10 9 

ID-9 

10-9 

10-2 

16-2 

8 

15-5 

14-8 

140 

14-8 

14-0 

17-0 

17-0 

17-0 

16-4 

16-4 

0 

16*0 

14-8 

14-0 

I4H 

14 0 

17-1 

17-1 

17 1 

16-4 

10-4 

10 

16-0 

14-8 

14-0 

14-9 

14-0 

17*1 

17-1 

17-1 

10-5 

16-4 

II 

15-6 

14 S 

14-0 

14-8 

141 

17-1 

17-1 

17-1 

16-6 

16-5 

12 

15-6 

14-8 

14-0 

14-8 


17-1 

17-1 

17-1 

16-6 

— 

13 

15-5 

14-7 

13-9 

14-7 


17-1 

17-1 

17-1 

16-4 


14 

16-6 

14-6 

13-8 

14-7 

—. 

17-0 

170 

17-1 

10-4 

— 

15 

15*4 

14-6 , 

13-8 

14-6 

— ■ 

17-0 

17-0 

17-0 

16-3 

• ”” 

10 

15-3 

14-5 1 

13-7 

14-5 


160 

16 9 

10-9 

10-2 


17 

15-2 

14-4 

13*6 

14-4 

. . 

16 8 

10-8 

J 

16 K 

16-1 



It is evident from the table that for any definite value of m the three bands 
3064, 2811 and 2608 give the same final value for the moment of inertia. The 
same is true for the two bands 3122 and 2875, while tho two bands 2811 and 
3122 give tho same initial value, and again tho two bands 2608 and 2876. For 
the purpose of comparing tho moments of inertia it is therefore immaterial 
what value of m is chosen. Since the turning points in B and B' occur at the 
same place in all the columns, m has been chosun in this region. By choosing 
»i = 9, small irregular variations are avoided. The results obtained are given 
in Table IV. 
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Table IV.—Moments of Inertia. 


Band. 

I. 

1'. 

3064 

1-77 X 10-^ gm. cm,* 

1-62 X lO**® gm. cm.* 

2811 

1-87 

1*62 

2608 

1*98 

1*62 

3122 

1*87 

1-69 

2876 

1*08 

1*69 


The moments of inertia for the bands 3064 and 2811 do not differ appreciably 
from those given by Watson. Watson* calculated the dimensions of a linear 
HjO molecule and of an OH ion which woidd have the required moment of 
inertia and found for the distance between the 0 &nd H nuclei 0-7 x 10"^ cm. 
in the HgO molecule and 1*02 x 10^“ cm. in the OH ion. The distance between 
the 0 and H nuclei in the ice crystal is, from the measurements of W. U. 
Bragg, 1*38 X 10~^cm. In both cases the size is less than would bo expected 
when the low gaseous pressure and the effect of rotation are taken into account, 
but the evidence is distinctly in favour of the OH ion as emitter rather than 
the H 2 O molecule. 

' 9. Band System. 

The results of Table IV provido an extension of the scheme suggested by 
Dieke, and the addition of the band 2608 allows of the scheme being verified 
by taking differences of the wave-numbers, vq, of the null lines in the various 
bands. Since the wave-numbers of the lines do not fit quite accurately into 
the formuUs, some doubt must be attached to the values of vq, obtained by 
extrapolation, but this uncertainty may be avoided by taking corresponding 
lines in the various bonds instead of the actual null lines. If the values of 
Q (m) ore taken, it can easily bo shown that the results will be similar to those 
obtained by using the null lines. Consequently the wave-numbers, Q, (2), are 
arranged in Table V so that those corresponding to bands with the same initial 
moment of inertia of the emitter appear in the same row, and those from bands 
with the same final value in the same column. For convenience of reference 
the wave-lengths of the band heads are given in brackets alongside the wave¬ 
numbers, Qj (2). 


*' ilstrophie. Jonm.,* voL 3, p. 140 (1034). 






Jw'k: 


Roy. Soc. Proc., A, rol. 115, PL G, 



{tannn p. ‘JSt ) 
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Table V.—^Band System. 


(X3064), 

32474-70 









(X 2811), 

35461-56 


31803-25, 

(X3122) 


2791-22 


2791-01 


(X 2608), 

38262-77 

Z66S-51 

34684-26, 

(X2876). 


The differences between neighbouring numbers in the two columns are in close 
agreement, as also are the differences between the numbers in rows 2 and 3. 
These results provide a verification of the arrangement of the band system. 
The superposition in the photographs of the bands 3122 and 2875 on the 
bands 3064 and 2811 is merely accidental, and the above scheme shows the 
way in which the various bands ore actually related. The scheme suggests 
the probability of the occurrence of another band having the same initial state 
as the band 3064, and makes it possible to predict with considerable accuracy 
the position of the lines of this band. A band appears at X 3428, which is in 
the region indicated by the scheme. In an investigation on impurity lines in 
connection with his work on the many-lined spectrum of hydrogen, Tanaka* 
has made some measurements of the band 3428 and gives the wave-lengths of 
45 lines. The predicted values of the first 10 lines of Q 2 series agree very closely 
with lines observed by Tanaka, and there is also good agreement between the 
predicted and observed values for the lines from R, (6) to (12). There is 
evidently a considerable amount of overlapping, especially in the region (3) 
to (6). These lines fall in the neighbourhood of a strong diffuse line in 
Tanaka’s measurements. The author has accounted for nearly all Tanaka’s 
lines, but owing to the overlapping some uncertainty must bo attached to the 
complete arrangement of the band, which is therefore not given here. It seems 
definitely established, however, that this band falls into line with the scheme. 

10. Q&tmol DiBousHon — Humeralion, 

Although the internal structure of the bands does not conform to the simple 
theory, it appears that the relations between the different bauds are in good 
agreement. In fig. 1 the mean values of the wave-numbers of the doublet 
components have been plotted, and are indicated by the broken lines. The 
points of intersection of these curves are approximately, at m = 1 for the P 
and Q branches, at m = ^ for P and R, and at m — 0 for Q and B. The 
theoretical curves of equations (2) intersect at = -f-J, 0 and — | instead of 
* * Boy. Soo. Ptoo.; A, vol. 108, p. 504 (1926). 

2 c 


VOL. CXV.—A. 
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1, 0. Tt is evident, then, that a better fit between the two sets of curves is 

obtained if in fig. 1, is replaced by m' ^ m — If, now, the values of 
B and B' arc calculated with this change in the values of «i, it is found that 
the results show much less variation than is exhibited in Table III. For 
example, col. 1 shows a variation of 4*3 between the maximum and minimum 
values, wlieroas the results obtained by using show a variation of only 1-3. 
Moreover, these results vary continuously instead of having a turning value, 
and while the results in the table represent a rapid decrease in the moment 
of inertia for the first few increasing values of w. those obtained from m' increase 
continuously with m\ It is reasonable to expect an increase rather than a 
decrease in the moment of inertia with increasing energy of rotation. If tlie 
simple formula F(m) = Bm® be replaced by the expression of Kramers and 
Pauli,* 

F (m) = B [V(m2 -- tfi) - p]*, 

the expression in the square brackets must be used instead of m in calculating 
the moments of inertia, and it is highly probable that this quantity, 

may have values differing from integers. In fact, as Mullikenf ix)mtB out, 
successive values of this expression may not even differ by unity. The 
quantities and pA/27r represent the components of the electron 

momentum in directions at right angles to, and parallel to, the momentum 
mhl2n, Sandemanj; points out that the difference between successive values of 
F (m) — F (w — 1), that is, of Q (m) — P (m), should approach asymptotically 
the value 2B for higher values of m. Actually these differences show no 
indication of tending to a steady value. 

11. DovbUts, 

So far only the mean values of the doublets have been considered, as those 
serve to illustrate the general structure of the bands equally as well as the 
individual lines. These mean values cannot, however, be taken to have any 
physical meaning, as the absence of the conditions which give rise to the 
doublets would lead to a line probably occupying a position other than that 
obtained by taking the mean wave*number of the two components. If, as 
Kratzer§ assumes, the doublets may be explained by giving values ±e to p 

« ' Z. f. Physik,' vol. 13, p. 351 (1923). 

t * Phys. Rev.,' vol. 28, pp. 481 and 1202 (1926). 

} • Roy. Soo, Proo./ A, vol. 108, p. 607 (1925). 

§ * Ann. d. Phyaik,’ vol. 71, p. 72 (1923)." 
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in the expression of Kramers and Pauli, this would certainly be the case, 
especially if e were large. DiflSculty is met with in applying this theory to 
the water-vapour bands on account of the great variation of the doublet separa¬ 
tion with m. Mullikon states that the values given to a and s must vary with 
m in these bands. The doublet separations in the five bands are given in 
Table VI. 

Reference has already been made to the empirical relations given by 
Heurlinger for the doublet separations in the band 3064, The most striking 
feature exhibited in the table is the very close agreement between corresponding 


Table VI.—^Doublet Separations. 


X .3004. 

I X 2811. 

\ 2 eu 8 . 

3122. 


P2 — Pi (w). 


2 

126-<>(> 

126*73 

124 94 


127*00 

3 

104 19 

104*31 

103*89 

105-69 

106-24 

4 

87-52 

87-4.5 

86-45 

88*40 

88*88 

5 

7611 

75*01 

76-00 

76*36 

75 ai 

6 

66*56 

65-40 

65-10 

60*76 

60*81 

7 

68*16 

58-14 

67*68 

69*63 

59*09 

8 

02-80 

02-38 

52*40 

63 86 

53*76 

9 

47-88 

47-93 

47*39 

49*39 

48*96 

10 

44-38 

44-2.1 

43*92 

46*25 

45*10 

11 

41*62 

41*34 

41-68 

42-20 

42*25 

12 

30-04 

38-93 

38*85 

39*77 

— 

13 

36*99 

36-06 

37*03 

37*66 

— 

14 

36 28 

36-26 

34-93 

,35-72 

- - 

16 

33*80 

33-66 

33*73 

34-18 

- ' 

16 

32*60 

32-96 

32*29 

33*03 

. . 

17 

31*74 

31*38 

30*97 

32*17 




Q* (»») - 

Qi (w)- 



2 

120-44 

126*84 

120*15 


126-86 

3 

103-81 

103 94 

103*33 

105*45 

104*78 

4 

87-34 

87*12 

86*79 

88*13 

87*04 

6 

74*48 

74*26 

74*31 

75-78 

76*60 

6 

64*66 

64*42 

63*58 

66*88 

66*21 

7 

67*04 

57*04 

66*94 

58-29 

67*64 

8 

61*07 

60*98 

61*02 

52-29 

51*84 

9 

46*27 

46*94 

40*13 

47*83 

47*76 

10 

42*44 

42*20 

42*63 

43*38 

44*24 

11 

39*16 

39-18 

39-10 

39*89 

43*60 

12 

36*62 

36*48 

35-81 

37*15 

— 

18 

34*25 

34*18 

33*38 

36*10 

— 

14 

32*42 

32*26 

31*39 

33*18 

-- 

15 

30*76 

30*64 

31-38 

31*00 

— 

18 

20*49 

29*27 

20*12 

20*87 

— 

17 

28*12 

28*20 

27*83 

28*66 

— 

18 

27*09 

26*76 

26-76 

27*77 



2 G 2 
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Table VI—(continued). 


m. 


A 3004. 


A 2811. 


A 2008. 


A 3122. 


A 2875. 


Ka (m) — Rj (m). 


2 

126-Al 

126 81 

126 57 



3 

104-73 

UI4 (17 

104*56 

. 


4 

88-16 

87-87 

87-04 


81-19 

5 

75-50 

75-44 

72 98 


73-83 

6 

66-10 

65*33 

65 07 


06-85 

7 

58-73 

58 74 

58-46 

— 

61 13 

8 

52-00 

53*17 

(.53 00) 


54 04 

0 

48-42 

48 40 

47-81 


— 

10 

44-Hl 1 

44-1)2 

44 06 


- 

11 

41 05 

41 72 

41 67 

- 

-- 

)2 

.30 

.30-78 

30-39 



13 

37 42 

36 83 

36*71 


“ * 


doubletB in the three bands Ii064, 2811 and 2608, and between those in the 
two bands 3122 and 2875, although in those latter bands thvva are. greater 
irregular variations. The separations in the two groups differ only slightly, 
but a real difference seems to exist. It is interesting to note that this grouping 
is exactly that obtained by arranging together bands with the same final 
moment of inertia, a fact which indicates that probably the factors governing 
the separation of the doublets are to be looked for in the final state rather 
than in the initial state. The combination principle has been shown to hold 
approximately for low values of m, and here also there is fairly close agreement 
between the separation of the doublets in the Q branch with those in the P 
and B branches. The deviation from the combination principle increases with 
m, and there is a corresponding increase in the differences between the Q and 
P (or R) doublet separations. It is probable, then, that the difference in the 
doublet separations arises from the same cause as does the failure of the com¬ 
bination principle, and that these may both be accounted for by Dieke’s assump¬ 
tion that the Q lines have final terms which differ from those for the P and 
R lines. The introduction of q^uantities a and t varying with m may easily 
cause this difference in the final Q terms, since in the P and R branches m suffers 
transitions db I> whereas in the Q branch no transition of m takes place. It 
is difficult to See how such definite relations can exist between a and e and 
tn os would be necessary to afford an explanation of the doublets, and until 
these relations are understood the fine structure of the water-vapour bands 
cannot be considered as completely explained. 



Band Spectrum of Water Vapour. 


389 


12. Singlet Series. 

Tho author's measuremonta of the series of single lituss, already referred to, 
are given in Table VII. These lines are found to fit reasonably well into a 
parabolic formula. The second differences, however, show a distinct tendency 
to increase numerically in passing along the series. Exactly the same kind 
of variation of the second differences appears in the series given by Watson. 
The strong similarity between the two series points to a common origin, and 
the relation of their intensities to those in the water-vapour bands indicates 
the probability that these series also are in some way due to water vapour. 


T. 

X(«lr) 

10 

28*J«-4r> 

10 

2S02 92 

10 

2799 05 

10 

279rt(W 

9 

2794 00 

8 

2791-71 

7 

2789 81 

6 

2788 30 


2787 23 

4n ' 

2780-77 

4n j 

2780 .*51 

4n 

2780-77 

3 

2787 60 

2n 

2788-86 

In 

2790-67 

In 

2703 01 

On 

2795*87 


Table VII. 


»(»««•) 

A. 

1 

1 

3ff«2l-67 

! 

+44-98 


.35fm6-65 j 

41-64 

-3-34 

3570ft-29 

3ft 30 

3-34 

35746-69 

.33-80 

4-41 

36780-48 

29-34 

4-55 

35809-82 1 

1 

24-38 

4-00 

35834 20 

19 40 

4-08 

3585.3 60 

13*76 

5-04 

35867-36 

6-02 

7-84 

.35873-28 

3-35 

2-57 

35876-03 

-3-35 

6-70 

36873-28 

10-68 

7-33 

35862-60 

10-19 

6-51 

36846-41 

23-25 

7-06 

35823-16 

30-00 

6-76 

36703-16 

35756-56 

36-60 

1 6-00 


Summary. 

Evidence on the nature of the emitter of the water-vapour bands is discussed 
and shown to be in favour of the OH ion. An account is given of the work of 
Heurlinger, Watson and others on the bands 3064, 3122, 2811 and 2875. 
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Further work on the water-vapour spectrum by the author is described, and 
details are given of the band 2608 (Table I). This band is similar in structure 
to the others, and it is found to lead to the same final amount of inertia os 
the bands 3064 and 2811. The initial value is the same as that for the band 
2876. The scheme of bands suggested by Dieke has been extended and 
verified by taking differences of the wave-numbers of corresponding lines in 
the various bands (Table V). It has been shown that the band 3428, of which 
some measurements have been given by Tanaka, also fits into the scheme. 

The doublet separations arc found to bo the same for bands which give the 
same final value for the moment of inertia. The possibility of explaining the 
formation of the doublets in terms of the Kratzer-Kramors and Pauli expression 
is discussed. 

The author has also measured a group of single lines near the head of 
the band 2811 (Table VII), which fits into a parabolic formula and bears a 
strong resemblance to the series of single lines measured by Watson. 

The paper is illustrated by photographs and curves. 

The author wishes to express his thanks to Prof. H. Stanley Allen for 
suggesting the work of this paper and for his kindly interest and many valuable 
suggestions throughout the course of the investigations, and to Prof. 0. W. 
Richardson for his helpful criticism. The author also wishes to thank Dr. Ian 
Sandeman for his assistance and advice in connection with some preliminary 
experiments. 
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The Brownian Movement of a Galvanometer Coil arvd the 
Influence of the Temperature of the Outer Circuit 

By L. S. Ornstein, H. C. Burger, J. Taylor and W. ("larkson. 

(Bhysical Institute of the University of Utreclit.) 

(Communicated by 0. W. Bi<*hardKon, F.ll.S.—Keccivcd Man li 25, J927 ) 

Inifodudion. 

Some time ago, in connection with certain curves published from this 
Institute, and illustrative of the thermo-relay method for the magnification of 
galvanometer deflections, Ising pointcMl out* that the current irregularities 
superposed upon the baseline-current, as traced out photographically, could 
be interpreted as due to the Brownian movement of the suspended coil of the 
galvanometer, and indeed were of the order required iheorctically.f 

To prove definitely that these small variations are really due to the 
Brownian movements, it is evidcuitly necessary to show that the temperature of 
the galvanometer system has an influence upon the mean value of the movo- 
inent. The difficulties involvctl in maintaining the galvanometer itself at 
sulliciently low temporatiires are great, and it is much more convenient to 
cool a series-connected coil in the outer circuit. This introduces the problem 
of the Brownian movement in a system at two different temperatures, and this 
has not, until recently, been investigated theoretically. The purpose of the 
present work is, then, to <levclop the necessary theoretical methods for such 
problems, and to obtain an expression for the Brownian movement which can 
be subjected to direct experimental verification. 

Theorvliml (lomide^rations. 

In order to find the extension of the known theory of the Brownian 
movement, it will be good to consider first a variation of the classical theory of 
this phenomenon in a form which is suitable for extension to the more 
complicated case which is to be treated in the interpretation of our experi¬ 
ments. 

Let us with Binstcinl consider a colloidal particle of mass m. Let bo the 

* -Phfi. Mag.,’ vol. 1, p. 827(1026) 
t Cf. plate in this paper. 

t Of, L. S. Ornstein, ' Z. f. Physik,’ vol. 41, p. 848 (1927). 
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resistance which otir particle experiences when it moves with a constant 
velocity w, in an ideal continuous fluid of given inner friction. When, in surh 
a case, the particle is set free with a velocity wq, the ccpiation of motion is, 

m dtijdi — — Ptt, 

and, therefore, 

When now the particle moves in a real liquid, the resistance against the 
motion is not quite the same, because of the fact that the fluid has a molecular 
structure which causes irregular impulses to be exercised on the particle. 
However, in the mean, the irregular forces can be resolved into two parts, one 
equal to the resistance in an ideal liquid of the same frictional cocflicicnt, and 
one quite irregular F(<), such that the mean value taken for a great number 
of particles, all starting with the velocity m, will be zero. We must therefore 
replace the equation of motion by 

m duldt “ ~ (iw + F, (1) 

where F, the mean value of the irregular force F (/) is zero. An equation of 
the same form can be applied to other cases. When we have, for example, 
a circuit with aelMnductance L and resistance r (placed in a thermostat) the 
equation for the current i is 

L dildt = — ri, 

if the molecular structure is neglected. When, however, we take this structure 
into account, small variations in the circuit will cause electromotive forces, 
and we have an equation of the form 

L di/dt + ir == E, (2) 

E = 0, where E is the mean electromotive force caused by the fluctuations. 
Now it is easy to integrate (1) or (2). We obtain, for example, for (1). 

tt = + l/m. F (*) • • ^z, (3) 

where uq is the velocity of the particle at the time 0, and t i<4 the time at which 
the velocity is considered. 

When we take the mean value we get, F being aero, 

The mean movement in a liquid composed of molecules is, therefore, the same 
as the real movement in an ideal viscous fluid. Now it is very interesting to 
calculate the mean energy of our particle, for it we know its value we can 
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deduce anotiiOT property of the function F. Applying; the theorem of equi- 
partition which states that the mean value of the kinetic energy |mu* is equal 
to {ibT, where k is the Boltzmann constant and T the absolute temperature. 
We get from (3):— 

7* = V. . e . f‘ (* F(z)F(y). . dz, dy. (4) 

?W“ J 0 J 0 

The mean value F (z) F (y) must be different from zero, since m® for ^ = oo is 
positive, but it is clear that the correlation of the forces F (z) and F (y) can be 
appreciable only when the difference of z and y is small. If we put y = z -\- 
the integral in (4) can be transformed into 





^ being so small that in the exponent z + y can be replaced by 2z. It is easily 
seen that the integral |f (z) F {z t]/) dtli is independent of z and y, and is a 

characteristic constant for the problem which we shall denote by FF. Alter 
some simple reductions we now find; 

f i?- + -c-=^'"»).FF. 

For times which are large compared with the time m/2^ we hud 


m 
2 • 



which expression, by applying the theorem of equipartition, can be reduced 

to _ 

FF = 2 |J A; T. 

On the same lines we find for the electromotive force 

EB = 2 f ifc T. 

It is well to remark that the hypothesis about the quantity FF deduced from 
the theorem of equipartition permits of being found the mean square of the 
displacement, a quantity which can be measured (such is not the case for the 
velocity u in the movement which we shall consider in connection with the 
galvanometer Brownian movement),* Let us now consider a somewhat more 


• Putting u -= dxfdt we find by integiation of (4) tho well-known formula for the mean 
deviation. 
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complicated case, that of a galvanometer joined in series with a resistance, 
but let us assume that the whole system is at the same temperature. If, now, 
A is the moment of inertia, a the torsional constant, [3 the air-damping, k the 
galvanometer coil effective flux, r the resistance in the circuit, L the vahie of 
the inductance in the external circuit, 0 the angle of deflection, and i the current, 
we get: 

AO + pO + aO - 1 - Ki = F, 

L dijdt -|- fi — kQ K, 

where F is the couple on the galvanometer coil caused by irregular impacts of 
the air molecules and K an electromotive force of the same species. 

We shall show that if wc assume F — E == 0 , FF =:= 2pAcT, and EF == 0 , 
we get for A0*/2 and a0*/2 the equipartition value fcT/ 2 , and also 
LiV2 - A;T/2. 

We shall consider the aperiodic case where 4Aa — (p +/f^/2)®, and put 
a/A = v*. Now a solution can be found taking 0 = oe*'*, i - ie''*. We find 
for p three values that, when the resistance r is considered to he large, take 
the form 

-- r/L 


yj — t; 4- /cL/f, p2 = Pa 


1 - 


"in* 

K* Jj 


while 6 is given by the equation b = ^ . p-j can be put equal to — r/L. 

only, in the expression for b, the second approximation must be considered. 

The values of a^, 02 , Og, 6 ]^, 63 , for the case in which r and E are taken 

into account may be determined by the known method of the variation of 
parameters. When wo neglect the initial values of 0, 6 aud which will tend 
towards zero after small times, we get for the current 


1 = -L 


aud for 


u Jo 

= ■ - -J r (f (*)--!? - E {z))]. dz 

(j>i — P2) A \ Jo ^ r h 

_ e-p* j“ giv (a) _ * _ E (2)). dz. 


Members of the order L/r have been neglected. 
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li we take into consideration our hypothesis for EJ') wc find, 

■i“ = iT/L, 


and for 


1 1 




ipi — \ JJi Pi + Pz 


|(FF + k^EE) 


or aO®/52 - A:T/ 2 . In an analogous way the eqiiipartition value ean be found 
for Ae 2 / 2 . 

The given deduction furnishes a good example for the theorem that the 
mean value of the kinetic energy in any Brownian movement is always iT /2 
for each degree of freedom, whatever may be the number of causes for the 
irregular movement. 

We can now proceed to the treatment of the problem which is of great im¬ 
portance for experiments of Brownian movement, the problem of the influence of 
two temperatures in the system. As an introduction wc shall treat the problem 
of two coils in series, with self-inductances and L 3 respectively, and resistances 
ri and whi<ih are at temperatures and Tg. Now if the rest of the system was 
at the same temperature the accidental for the first coil would have the 
values Ej = 0 , and E^Ej -= 2 r|fcT, and for the second Eg -= 0 , and EgEg =: 
2/*gfcT. Our hypothesis now will be that the same relations are still true when 
the different cjoils are at different temperatures. We shall assume that the 
mean value of E^Eg is zero. The fact that an analogous hypothiisis iu our con¬ 
siderations of the galvanometer has given correct results has led to this 
assumption. Now the equation for motion for the electricity in our coils is 
( 1^1 ‘* 1 “ 1^2) "h (^1 ^ 2 )^ ‘h Eg^ 

where i is the current. Integrating the equation we find for 

» = * 4- e ^■+**'* f * (Ei (j) + Ei{z))dz, 


and for again neglecting the teima with t'o, 


^ g(ri+r.> j 


jtiVij* f. £ (J5i(j) + E,W)((E.(»)-E,(»)). iz. ix 


and for 


In + L* + r* 


(2AyiTi -i" ZAraTj), 
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for Tj — Tj, we find the equipartition value of the energy. However, when 
the temperatures are unequal we find a value intermediate between those 
corresponding to and Tj, the resistance of the coil playing the part of 
weight factors. 

Now we are prepared to calculate the Brownian movement for the galvano¬ 
meter. Let bo the resistance of the galvanometer (temperature T^) and 
r, that of the outer circuit (temperature Tj), Then the equation of motion 
of the galvanometer and the electrical motion is, neglecting the inductance, 
the following: 

AO + p6 + aO “1- Ki == E 

(fj + fj) i — fcO = El -h E 2 . 

We get for the equation of the galvanometer by the elimination of i. 


« + (P + ,7^,) 9 + •» = J (E. + E.), 

if we assume 

PF = 2pJfcT, PEi = 0 

EjEj = 2rikTi PE, = 0 


we get for 


«0' 


E,E, = 2rj^T, 

1 /= 




(fi + fa)* 


(EiEi -f- E2E2) 


P + 




fi + r2 


When the damping p is small compared with (K^/r^ + r,), we have 

aO^ _ k fiTi + r2T2 
2 2 fi 4" ^2 * 


(5) 


a relation which can be checked by experiment, as described later in this 
paper. 

It is not difficult to apply analogous considerations to the Einthoven string 
galvanometer. 

It is well to remark that at very low temperatures no quantum effects are 
probable, except those for the resistance itself, for the logical extrapolation 
of our result to low temperatures is that the mean value EE shall not be put 
4r.A;T/2,thatiB,fourtimeB the resistance multiplied by the equipartition value 
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of the energy at the temperature given, but should be replaced by the quantum 
value for that temperature. Now in the Einstein expression that has to bo used, 
the frequency (that of the galvanometer) is so low that there is no difference 
between the Einstein energy function and the equipartition H value for all 
temperatures that can be attained. 

Thk Experimental Method. 

Principle of the tnelhod. 

In order to obtain a suificiently high magnific.ation of the small Brownian 
movements of the galvanometer coil the thermo-relay method, previously 
described by Moll and Burger,* was utilised. Shortly, this method is as 
follows:— 

A beam of light from an incandescent lamp illumimites a rectangular opening 
fixed at the surface of a convex lens which converges the beam upon the mirror 
of the galvanometer, of which the Brownian movement is being measured. 
The reflected light is converged by a second lens placed after and just in front 
of the galvanometer mirror, to give a real image of the rectangular slit exactly 
in the plane of, and on the surface of, the thermocouple strip of the relay. 
The latter consists of a very thin com{}osite thermocouple strip A BOD (see 
fig. 1), AB and CD are of constantan and B(^ of manganin. The foil is blackened 
so as to absorb radiation and is mounted on a lamp bridge in an evacuated tube. 

Linear concentration of tlxe rectangular image is obtained by a cylindrical 
lens placed before the thermo-relay, so that the image is condensed upon 
the central portion of the strip. The relay is adjusted in its holder until no 
current is detectable in the galvanometer (second galvanometer) connected to 
it. This adjustment implies that both the junctions are equally heated so 
that their E.M.Fs. balance. 

Any rotation of the first galvanometer mirror causes a displacemcuit of the 
image on the relay strip and a non-symmetrical heating of the junctions, so 
that a current is indicated by the second galvanometer. The deflections are 
proportional to the rotation of the first galvanometer provided these are not 
too large. 

Utilising this method, it is possible to obtain a very high magnification factor, 
depending upon the intensity of the light source and the sensitivity of the thermo- 
relay. 

In the experiments to be described a relay of specially thin thermo-foil* was 
* ‘ Phil. Mag./ vol. 1, p. 624 (1925). 
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used, and widi a 12-yolt half-watt lamp as source a magnification of over 
GOO was easily obtainable. To assure constancy of the sensitivity it is, of 



>'iO. IA —Optical Arrangement for First Galvanometer. lamp with constant cuiient; 
L, first lens; diaphragm; G, first galvanometer; c, to coil connections 



Fio. 1b. —Focussing System on Thermo-ielay. 
f, rays from second lens ; L", cylindrical lens 
condensing imago XY on to BC; XY, image 
of diaphragm, equal in width to BC; ABCD, 
thermo-eJement; leads to second galvano^ 
meter. 


Fia. lo.—Coils-Galvanometer Connec¬ 
tions. 6, plane brass blocks; c, to 
coils; nt, mica; s, screw clamp; p, to 
first galvanometer. 


course, necessary to have all parts of the lamp-relay system rigidly fixed in their 
relative positions and to have a light source of invariable intensity. 

The deflections of the light spot of the second galvanometer were registered 
photographically on sensitised paper on a rotating drum, the “ light-line ” 
of the galvanometer being made punctiform on the drum by means of a cylin¬ 
drical lens placed before it. 


“ Cktlmfumeier and Relay ” System. 

The first galvanometer was a suspended coil galvanometer of special construc¬ 
tion, designed by Moll,"' and characterised by a high zero steadiness. Its resist¬ 
ance was 45 ohms. 

The galvanometer was enclosed in a heavy cylindrical metal box covered with 
* * Proo. Phys. Soo..* vol. 26, p. 263 (1023). 
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thick felt, and having a piano glans window through wliioh the light beam could 
pass. The precaution of enclosing the galvanometer waa necessary to avoid 
disturbances and E.M.Fs. set up by the heating effect of the air currents, at 
the terminals, &c. 

This galvanometer aTul the auxiliary apparatus were fixed to a stout brass 
plate upon a very stable stone wall bracket. 

St^nsitimiy of the Thernio-^relay, 

An auxiliary circxiit, which could be connected to the first galvanometer 
circuit, comprising a resistance box, galvanometer shunt, and small E.M.F. 
source, served to measiure the sensitivity of the system. The optical system 
requires careful adjustment and fixing, and, as noted above, the image of the 
diaphragm should be focussed exactly in the plane of, and on, the thermo- 
relay strip. 

Experimental Metihod. 

1 , Experiments with Galvanometer Mirror Fixed. —The measurement of the 
extremely small currents characteristic of the Brownian movement is accom¬ 
panied by numerous difficulties arising Irom disturbing influences of all sorts 
from external and parasitic effects. The elimination of such effects inherent 
in the relay and the light system itself, as apart from the additional circuits 
employed, was the first requirement. In short, it is necessary when using the 
first galvanometer mirror fixed, to obtain a straight line base or registration line 
for the light spot of the second galvanometer. A preliminary investigation to 
this end was carried out. The initial registrations obtained were far from linear 
and contained numerous irregularities. 

It was ascertained that the employment of a r2-volt, gas-filled, half-watt 
lamp with the filament disposed horizontally, gave bettor results than thow* 
obtained for the case of a vertically disposed filament. 

The thermo-relay was firmly fixed in a metal case with a fine screw movement 
in the direction of the thermofoil strip. In order to ensure stable temperature 
conditions the case was enclosed as far as possible in cotton wool. 

Attempts were made to cut down disturbances attributed to air currents, by 
placing evacuated tubes along the course of the beam of light. Since the 
tubes introduced no observable improvement they were discarded. 

Results taken in the evening when the building was quiet were found to be 
much better than those obtained during the day, but there still remained dis¬ 
turbances which were attributable to the wind and to seismic movements. It 
resulted, therefore, that finally the experiments were only carried out after 
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determining from the neighbouring meteorological station the state of the 
earth movements. 

Additionally, however, a correction was applied for the eifect of such move¬ 
ments on the Brownian movement records, for it should be noted that tlie 
inevitable slight disymmetry of the galvanometer coil involves a response to 
such seismic movements. 

2 . Experiments mth the Galmtmneter Mirror Free, Thertmmuph effects — 
The above investigations completed, the galvanometer mirror was released and 
experiments were conducted in the normal way. The first difficulty encoun¬ 
tered was that of E.M.Fs. set up in the junctions of the circuit. These effects 
exist, of course, because of differences of composition of the junctions, which 
were never precisely the same, so that differences of temperature gave rise 
both to permanent and to erratic currents. Such effects were minimised by 
soldering all the leads into brass blocks maintained in thermal contact by 
employing only mica or thin pieces of parafined paper as the insulating material 
separating them. The blo(;ks were clamped together in small presses and were 
covered with cotton wool to protect them from temperature changes, their 
large heat capacity ensuring uniformity of temperature at the actual junctions. 

By employing the above methods a very considerable improvement was 
effected as was shown by the steadiness of the registration on the rotating 
drum, and the comparative absence of creep. 

Electrostatic effects .—A serious source of error was discovered in the electrostatic 
effects due to the motion of charges (as of people, especially if on rubber soles) 
in the neighbourhood of the system and more especially of the outer coils. To 
avoid such disturbances lead-covered earthed cable was used as leads, and the 
remaining parts were covered with earthed tinfoil. This arrangement proved 
perfectly satisfactory, but to make doubly sure all registrations were made with 
no-one in the room. 

To prevent undue conduction of heat into the liquid air, in which one of the 
coils was immersed, the coil and the part of the leads actually in the liquid 
air bath was not covered with the tinfoil, the containing vessel being covered 
instead. 

Electromagnetic effects .—The motion of pieces of steel or iron in the vicinity 
of the galvanometer caused deflections of the light spot by electromagnetic 
induction. Such movements were of course avoided, and the unavoidable 
variations of the earths field, etc., were much too small to bring about observable 
deflectionB. 

Effects pecuKar to the liquid air-coil .—The aii-coil was well insulated by a 
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wrapping of cotton wool and introduced no disturbing influences, but the case of 
the coil immersed in liquid air was different. It was found that owing to the 
condensation of water vapour at part of the loads, a large and variable electro- 
l3rtic or battery effect was set up. This, however, was done away with when the 
coils and leads were carefully insulated with red wax. 

The gradient of temperature along the leads from the liquid air gave because 
of disymmetry, a permanent deflection of the second galvanometer. This was 
reduced to a small value by carefully heat-insulating the leads with cotton wool 
and by allowing the coil to be in liquid air for about an liour before observations 
were made. Thus a state of equilibrium was attained. 

All the above described effects were investigated by taking photographic 
records on the rotating drum, and in this manner it was possible, stp]> by step, 
to locate the disturbances and to suppress them. 

Investigation of the. Brownian Movement. 

Fig. 2 indicates the circuit used in the measurements. The procedure adopted 
was as follows: - 



Fxo. 2.—Qoneral tScheme of Apparatus. lamp; d, diaphragm ; G, finit galvanometpr; 

L", cylindrical lens; T, thermo-element in ease on metal arm with fmo screw for 
lateral l)ending ; P, heavy metal base plate; G' sc'cond galvanometer; T/", cylin¬ 
drical lens condensing line image at drum into a s{)ot; JJ, loeoiding drum; b, brass 
blocks in clamp; C. coil, in wax, in brass box; W, uadded Hcrcon. The first 
galvanometer einmii is in cotton wool with earthed leadfoil <*ovcr. 

The sensitivity of the relay was measured before and after each registration. 
The Brownian movement of the galvanometer alone, on closed circuit, first, and 
that for open circuit second. The air-coil was then connected to the galvano- 
VOL. cxv.—A. 2 D 
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mnber by means of brass blocks (fig. 1) which were then clamped-up and brought 
to room temx>eratiire by a current of air. The blocks wen' then carefully covered 
up with cotton wool and the system was allowed to rest until no appreciable 
movement of the spot of light on the n^istering drum could be detected. The 
registration was then made. 

After this observation the liquid air-coil was connected up in an exactly 
similar manner, and when conditions attained stability a registration was made, 
the sensitivity being takim before and after as in the previous registrations. 
A repeat with the air-coil was then made. The speed of rotation of the drum 
giving maximum clearness of the Brownian movement reconl w.'ts employed, 
this being determined experimentally previously. 

Details of the. Photographic Treatment. 

The print of the Brownian movement of the galvanometer coil as obtained 
on the paper covering the revolving drum may be treated in a variety of ways, 
but the following method was developed and proved to be most satisfactory. 

A slide of the registrations was constructed and projected on squared paper 
in such a way as to obtain a convenient magnification. Traces of the Brownian 
movement curves were then drawn out upon the squared paper by hand. Tn this 
manner a permanent record was obtained that could be measured-up at leisure 
and in which the ruled lines could be used for the purpose of base-lines and time 
intervals. 

Equally satisfactory was the method of using an episcope for projecting and 
magnifying the registration curves, this method of course dispensing wit h one 
stage in the previous operations. 

CoNSIDKBATION OF RESULTS. 

The ampUtude of the Brownian movement.- Tn order to find the influence of 
the cooling of tihe outer resistance on the afnplitudeof the Brownian movement 
it is necessary to calculate from the traced curve a quantity that is the right 
measure of this amplitude. For the movement of the coil itself we may take 
the mean value (R.M.S.) 

or the quantity that only differs by a constant factor from this (A.M.) 

ie|. 

It is impossible however to find the real value of 0 at any moment, as the lag 
of the systems tbermo-ielay-second-galvanometer causes a decrease of the 
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amplitude of the second galviwometer as compared wiili the ideal case of an 
infinitely quick indicator. This {lifiiculty is not as s<‘riou8 as it seems to be, 



FlO. 3,—Brownian Movement of the tialvanomoter Oiil. 1 aiul 2, KuJvanometer on open 
circuit; 3 and 4» galvanometer on closed circuit; 5 ami 0, <*oLl at oir temperature 
in oirouit; 7 awl 8, coil at hquid oxygen t«*nii)eraturo m circuit, l^sistanco coils of 
130 ohms. 

for the amplitude of the second galvanometer is decreased in a ratio that 
depends only on the mean quickness of variation of 6. This variation is 
exactly the same in the cases^ both of the cooled and of the uncooled outer 
leebtances, and therefore a relative measurement of the amplitude of the 
Brownian xnovement can be made from the traced curves. 

When we erft ll y the deflection of the second galvanometer as indicated on 

2 D 2 
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an enlarged scale by the traced curve we must try to find one of the quantities 

or |y|. 

Hero we meet the difficulty that in order to find the deflection y at any point 
of the curve we must know the zero line, i.c., the line giving the mean position 
of the light spot of the second galvanometer. When there is a “ creep ” this 
position is not constant, and large errors can be introduced into a calculation of y. 
It is better, therefore, to take the difference between the deflections recorded 
at a constant time interval, as those can be found without knowing the zero 
line. The quadratic mean of this difference! is 

lyi —= —2y,y2. 

Both quantities y® and y^jy^ will bo proportional to the absolute temperature T 
or to the effective value of this temperature; y® will be independent of the time 
interval and y^yj will increase from zero for a time interval zero to y® for a 
very large interval. 

To avoid troublesome calculations it is much easier in practice to calculate 
the value. 

Iyi-y2l, 

this differing from 1 y^ — y* only by a constant numerical factor. This mean 
difference is found in the following way. A large number of ordinates at 
equal intervals along the curve are read off, for zero lino an arbitrary l^ne roughly 
parallel with the real zero line being taken. The differences between the 
successive ordinates of this series of readings are added as absolute values and 
by dividing by the number the value of | y^^ y 2 | is foimd. 

When there is a “ creep ” of the galvanometer the accepted zero line is not 
parallel with the true one and the value of | yj—yj 1 is inaccurate. This error 
when calculated for these experiments was in general so small that it could 
be neglected. 

The value of I yi -- 2^81 was computed for different time intervalB, and it was 
found to be larger for the longer intervals, as is to be expected. By the theory 
of v. Smoluckowski* the correlation between the values of the angle 6 is given 
by the relation 

lei-e^l^ad-e-v*.) (6) 

to being a constant depending on the inertia and the frictional force of the 
galvanometer ooil. Though this relation cannot be applied at once to the 

* BLT. Smoluokowski, ‘Ann. d. Phys.,’ vol. 48, p. 1103 (1916). 
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deflection 6, ae the effect of the lag of the thermo-relay and the second g.il- 
vanometer is a complicatcnl one, the values of 1 — y* I given by experiment 

show that this quantity depends upon the time in about the same way as we must 
expect for 10^ ^ U 2 1 according to equation 6. The time is computed to be 
1*5 seconds, a very probable value as the time-period of the first galvanometer 
is 1 ■ 5 seconds. Further, wo must expect that the correlation between consecu¬ 
tive deflections is strong for times smaller than the period of the first galvano¬ 
meter, and that it disappears for an interval that is large in comparison with 
this period. 

TJie effect of cooling the outer resistance. —In practice, two coils of maganin 
wire wcr(5 used, oirn immersed in liquid air. As the resistance of manganin 
at the temperature of liquid air is 3 per cent, less than at room temperature 
the resistance at air temperature of the cooled coil was made 3 per cent, larger 
than that of the other one, so that under working conditions their resistances 
were equal. 

Several measurements were made with coils of 137 ohms and 400 ohms. For 
all cases the amplitude of the movement was smaller for the liquid-air coil. 
On a good and quiet day the ratio of the amplitudes of the cooled and 
uncoolcd coils (137 ohms) was 0*77. As the result ctvlculated from equation 6 
was 0*70 this was very satisfactory. 

That the ratio is larger than the calculated value is to be expected, as every 
error, assuming that each coil is equally affected, will make the ratio approach 
unity. If the movement was entirely due to errors, independent of tem¬ 
perature, the ratio would be 1 • 0. 

In some cases the result was not so good, the discrepancy probably being 
caused by errors occasioned by tremors, seismic movements, &c. In accordance 
with this explanation, the values of the amplitudes with and without liquid 
air were both larger than for tho best observations under good conditions. A 
large amplitude indicates a large error, and we must expect, as theory predicts, 
a ratio of the amplitudes that is much nearer unity. 

The errors and the Brownian movement are added as squares, so when 
1 yi “ ^2 1 ~ ® the amplitude given by experiment, b the expected amplitude 
of the Brownian movement, and 0 the amplitude of the errors, that is, the 
amplitude which would be present if there was no Brownian movement, then 

a» = 6* + c*. 

Now when we accept that tho smallest amplitudes ever measured with a certain 
coil is the real b, then we can calculate from equation 7 the error c in any other 
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oBse, th« amplitude a observed with that coil being known. We may assume 
that the same error exists after the short time during which the one coil is 
being replaced by the other coil at the different temperature, so by sub¬ 
tracting the same error o as given by equation 7 wo may correct these 
amplitudes and find their corrected ratio. AH results corrected in this way 
gave results in good accord with those predicted by theory. With the 400 ohm 
coils, for example, the mean of the corrected ratios was 0*61 as compared with 
a predicted value of 0*69. The error c was always smaller than the amplitude 
of the Brownian movement, though sometimes it was nearly as large. 

It is worth noticing that the largest errors were present on windy days or on 
days foUowing a period of storm, in which case it is evident that the seismic 
movements of the Continent, set up by the beating of the sea-wnves, will account 
for a large part of these errors. The slightest asymmetry of the galvanometer 
coil wiU give a (*ouple between the transverse movement of the galvanometer 
to which it is rigidly connected at the bottom, and its rotation. 

The fact of the influence of temperature on the movement of the light-spot, 
of the galvanometer, and the accordance of the amount of this influence with the 
theoretical prediction, make it certain that the movement is caused entirely, 
or for the larger part, by the Brownian movement. The absolute magnitude 
of the amplitude, though a less certain criterion, confirms this interpretation. 

By a sufficient enlargement we may find the fluctuations in the indications 
of any galvanometer. When these fluctuations are for the larger part duo to 
Brownian movements we may call the galvanometer good ; when a galvanometer 
(or system of galvanometers) shows the Brownian movement without enlarge¬ 
ment, we may caU it sensitive; when it shows a movement that is largely due 
to errors, we may call it a bad instrument. 
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On tfhe Reflexion of Hound from a Porous Hurfacc. 

By B. T. Paris, D.Sc. 

(Communicated by F. £. Sniitb, F.R.S.—Received March 31,1927.) 

1. Introdiidimi. 

When soiind-waveB impinge on apIaneBurfacc forming the boundary between 
two media of different mechanical propertiCH, part of the incident energy is 
reflected and part is transmitted as a refracted wave, the sum of the energies 
of the reflected and refracted waves being equal to the energy of the incident 
wave. The jiroportion of the incident energy which is reflected depends not 
only on the mechanical pro^ierties of the two media, but also on the angle of 
incidence of the primary wave. If the first medium is air and the second a 
liquid or continuous solid, by far the greater part of the inci<lent sound-energy 
is reflected. For example, if the second medium is water, 99*9 per cent, of the 
energy of the primary wave is reflected at normal incidence, while if the angle 
of incidence exceeds 13 degrees the refracted wave becomes evanescent, and 
total reflexion occurs.* 

If the second medium is not coiitiiiuous, but of a porous nature, a somewhat 
different state of affairs ensues. The boundary between the two media is no 
longer well defined, for the fimt medium (air) can penetrate into the pores of 
the second medium and reflexion is then accompanied by a motion of the air 
in and out of the pores. Examples of porous substances of the kind con¬ 
templated are the various acoustic plasters ” produced in recent years for the 
rapid absorption of sound in auditoria, when the reverbi'ration is found to be 
in excess of that demanded by good taste. Other examples, of a rather different 
sort, are hairfelt, carpets ami similar materials. 

The difference in the behaviour of non-porous and porous surfaces lies in the 
mechanism by which energy is lost from the incident sound-waves at reflexion. 
If the surface of the second medium is continuous, energy is transmitted into 
the refracted wave by vibratory movements of the boundary itself, these 
movements having the same periodicity as the sound in the incident wave. 
The rate at which energy is lost from the incident wave per second is the 
integral over the reflecting surface of the average value of the product of the 
presBUie-variatioD at the boundary and the velocity of the boundary. If the 

Rayleigh, ' Theory of Sound,* vol. 2, p. 81. 
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second medium is porous, then, under the influence of the pressures developed 
by the incident wave, a certain amount of air is moved into and out of the 
pores ill each |)eriod. Tf the lateral dimensions of the pores are small, this 
in-and-out movement of the air is accompanied (owing to viscosity) by a 
degradation of sound-energy into heat. The rate at which energy is lost from 
the incident wave is equal to the integral over the mflecting surface of the 
average value of the product of the jiressures ileveloped at the boundary and 
the rate (volume per unit time per unit area of surface) at which air passes in 
and out of the pores. There may, in addition, be loss of energy from the 
incident wave due to a general vibratory motion of the surface of the porous 
medium, whereby a refracted wave may be generated, but in the cases to which 
reference will be made later, such motion is, as a rule, of secondary importance. 

When sound is reflected from the surface of a porous material, therefore, the 
sum of the reflected and refracted energies is no longer (if the pores are small) 
equal to the incident energy, and the difference, which is the amount degraded 
into heat by the action of the pores, is said to be dissipated or absorbed. Since, 
however, in most cases of sound-absorption the refracted sound is of minor 
interest, it is usual to define the absorbed sound as that which is last at 
reflexion. Thus, if £4 is the energy-flux in the incident wave and is the 
energy-flux in the reflected wave, the coefficient of absorption is defined by 

a =(E,(1.1) 

The energy fluxes and E,. are here scalar quantities measured in ergs 
per square centimetre per second. 

The theory of the reflexion of sound by porous bodies received attention 
at the hands of the late Lord Rayleigh. In a paper* published in 1883 he 
dealt with the case of sound incident normally on a wall presenting a flat 
surface and perforated by a great number of similar channels, uniformly 
distributed, and bounded by surfaces everjrwhere perpendicular to the face. 
On the supposition that the channels were of circular cross section, and that 
the expansions and rarefactions within them took place isothermally, equations 
were deduced by means of which the ratio of the amplitudes of the incident 
and reflected waves could be calculated. No experimental verification of 
these calculations has ever been made, although, with a modem apparatus, 
it should not be a difficult matter. 

* On Porous Bodies in Relation to Sound,*’ ^Pbil. Mag.,’ vol. 16, p. 181 (1883): 

* Soi. Papers,* vol. 2, p. 220. 
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In a later ])aper,* written in 1919 an<l published ptisthumously, Rayleigh 
dealt with the case of sound waves incident at any angle on a |)orous wall, 
and it ajipears that, us in the (*aBc of ordinary reflexion, the amplitude of the 
reflected wave <Iepends on the angle of incidence. It was shown that under 
certain circumstances the reflected wave may vanish at some particular angle 
of incidence. There will be o('casion later to make more <]etailed reference 
to the theoretical results obtained by Rayleigh in this paper. 

The formulee for the amplitude ol the reflected wave given by Rayleigh 
cannot be used to calculate the absorption coefficient of any sound-absorbing 
substance commonly met with. The theory riders to an ideal substance 
perforated by a number of similar straight pores of uniform cross section and 
of equal length. The substances found in practice are of a very different 
kind. The pores in an acoustic plaster, for example, are of very diverse 
shape and size. The cross sections are constant neither in area nor shape, 
nor do the pores run straight, but bend about and lead into one another in 
a most complicated manner. An examination under a microscope of a section 
through an acoustic plaster indicates that any attempt to cidculatc the 
absorbed sound on the lines of the theory developed by Rayleigh would be of 
little value. It has been necessary, therefore, to rely entirely on experiment 
for the determination of the absorption coefficient. 

Even when this coefficient has been found ex|)erimentally at some particular 
angle of incidence (and for a given wave length) there has so far been no method 
by which the absorption could be calculated at any other angle of incidence. 
Rayleigh’s theory has been of no assistance here, for, although it indicates 
that absorption varies with the angle of incidence, it can only be employed 
to determine the variation in the special cases to which it lefeis. 

It is the purpose of the present paper to show how an advance may be 
made by introducing into the theory of the reflexion of sound from a porous 
wall a quantity called—by analogy with the acoustical impedance ” of 
A. G. Websterf-- the “acoustical admittance per unit area of absorbing 
surface.” This “ acoustical admittance ” is a quantity which can be readily 
determined by experiment in a manner to be described, and when it has been 
found for a particular substance (at a given wave length) the coefficient of 
absorption for sound of this wave length can be calculated for any angle of 


* “ On Resonant Reflexion of Sound from a Perforated Wall/' * Phil. Mag./ vol. 30, p. 225 
[1020); * Soi. Papers/ vol. 6, p. 602. 
t *Ptoo. Nat. Aoad. Soi./ vol. 5, p. 275 (1010). 
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incidence by means of simple fonnnlss. The resultB obtained appear to be 
quite f^encral and applicable to any kind of sound-absorbing substance. 


2. Acoustical Admittance. 

The conception of >u*oustical impedance was introduced by Webster* in 
1919, and it has since been developed an<i applied to the solution of a variety 
of acoustical problems by G. W. Stewartf and others.J According to Webster’s 
original definition the impedance of an acoustical receiver is the (complex) 
ratio of the excess pre^jsure (due to external sources) at the receiving surface 
(or orifice) of the receiver to the volume of air periodically displaced by the 
receiving surface (or moved in and out through the orifice). Stewart, however, 
has found it more convenient to employ, instead of the ratio of the pressure 
to the volume-displacement, the ratio of the pressure to the rale of volume 
displacement. Thus, to take an example, suppose that the receiver is a Helm¬ 
holtz resonator, and let Sp be the excess pressure at the mouth of the resonator 
due to an external source. Also let be rate of volume displacement 

(cubic centimetre per see.) of air into the resonator through its orifice. Then 
according to Stewart s definition, the impedance of the resonator is Splidqldt). 
That is (dq/dt) Sp/Z, where Z is the impedance. If a velocity-potential, 
is used, 8p = p (d^/efe), p being the ilensity of air, and hence Z = p (d^/<ft)/ 
(dq/dt) = p^/y, ^ and q being proportional to In what follows a velocity- 
potential will always he used, and hence, to avoid an unnecessary repetition 
of p, the above definition will be modified and impedance will be defined as 
the ratio this being equal to Stewart’s impedance divided by p. It is also 
equal to (pd^/(b)/(pd 9 /d^), or pressure to mass-flow. Its dimensionsare L'^T’S 
compared with ML“* for Webster’s, and for Stewart’s 

impedance. 

It will, moreover, be convenient to employ, instead of impedance as thus 
defined, its reciprocal, which will be denoted by Q. Thus q = For con- 

* Loe. cU. The paper was aotuolly read before the American Physical Society in Phila¬ 
delphia in 1014, but publication was delayed. 

t Stewart’s work is oontained in a series of papers in the * Physical Review.' The 
more important are: vol, 16, p. 313 (1919) on conical horns; vol. 20, p. 628 (1922), on 
acoustic wave-filters; vol. 26, p. 688 (1925), vol. 27, pp. 487 and 494 (1026), on the trans¬ 
mission of sound through pipes with branch-lines; and vol. 28, p. 1038 (1926), on the 
measurement of acoustical impedance. 

X Notably Kennelly in connection with the theory of the telephones. See his' Sleotrical 
Vibration histruments,* ohap. zUi (1923). 
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venience, 11 may be callerl the ** acoustical admittance.”* On Stewart’s 
definition, admittance would, of course, be equal to £l/p. 

In order to make use of this conception in the theory al the n^flexion of sound 
from the surface of a porous substance consider the case of plane waves incident 
on a porous wall of infinite extent. The velocity-potential at the surfa(*e of the 
wall will be the sum of the potentials of the incident and reflected waves, say 
(4> + ^ 0 - element of surface cr, of <limensions small compared with the 

wave-length, a certain volume (Q) of air will move periodically jn and out of 
the pores of the wall. Thus, by analogy with the case of tlie acoustical receiver 
considered above, we may write Q =-^ 11 where 11 is the adinitiance 

of the area n. If q is the volume disj»lacc<l per unit area of the wall, q £1' 
(0 + where Q' is written for (Q/a), and may bi^ called the admittance 
per unit area of the reflecting surface. The dimensions of 11' are tliosc of the 
reciprocal of a velocity (L'^T). 

Physically, the equation q O'1 implies a linear relation bct\M*eu 
the amplitutle of th(s velcKuiy-potential (or the pressure) at the surface of the 
wall and the voluTuc-dispIacenuint (or the mass-flow) id air into the pon's. In 
the rase of the small amplitudes with which wc are coiict'rncd, such an assumj)- 
tion appears to be quite justifiable. Also, it will be assumed that 12' is inde¬ 
pendent of 0, which implies that tlisturbanccs are not propagated laterally, 
from one part of the porous medium to another, to any appreciable extent. 

3. Rejlexim from a Porona WalL 

Let the reflecting surface of the wall lie in the plane x — 0 , and let plane 
waves of sound with wave-fronts parallel to the axis of z hn incident upon it 
at any angle 6 . The velocity-potential of the incident wa% ‘s bUpi»osed travelling 
towards — x, may be represented by 

ff> -= (3.1) 

and that of the reflected waves by 

(3.2) 

where k = 27r/wavedength ami a is the velocity of sound in free air. At a: — 0 , 
^ and must satisfy the equation 

|.(^ + f)-0'|(^ + A (3.3) 

* In electrical aoienoe admittance is used to denote the reciprocal of reactance, tliai Ik, 
the imaginary part only of a complex impedance. 
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since each side of this equation is equal to the current per unit area (dqldi) 
into the pores of the wall. By substituting in (3.3) the values of ^ and 
given in (3.1) and (3.2), it is found that 

A-B--^(A + B), (3.4) 

COB 0 


B cos 8 — ail' 

A - ^ coBe + afl >‘ 

The ratio B/A. or |i, may be called the coefficient of reflexion. 

The energy-flux in the incident wave is proportional to j A and that in the 
reflected wave to ] B1 Hence the coefficient of absorption is 

^ 15.-K, ^ |A|‘-|B|= 1 

~ ~ ,[ M 

1 I 12 1 |C08 0 — ofl' * I 

“'“'“I J 

It is evident from (3.5) and (3.6) that when iV has been determined the 
coefficients of reflexion and absorption can easily be calculated for any value 
of the angle of incidence. 

It is of interest to compare these results with those given by Bayleigh in his 
later paper.* Bayleigh considered the case of a perforated wall in which the 
perforated and unperforated areas were in the proportion aft/. The channels 
were supposed to be uniformly distributed and of length { an<l dissipation of 
acoustical energy was represented by the introduction of a term h{d^ldt) 
in the equation to be satisfied by the velocity-potential ^ within the channels. 
Bayleigh’s equation (15) shows that under these conditions :— 

B — A _ a _ V tan W 

B "j- A (o "t" CT^) cos 0 ik 

where k = 27c/X, as before, and A'* = i®— inA/a®, n being 27r times the fre¬ 
quency of the incident sound. From equation (3.4) we have 

B + A WS0' 

Thus it will be seen that cos 0 appears in Rayleigh’s equation (15) in just the 
way that would be expected from the theory of reflexion from a porous wall as 
developed with the aid of acoustical admittance. Also (3.8) becomes identical 
with (3.7) if 


B-A 
B -j- A 


aa + <f 


Ptanib'I 


* Loc. eU. (1920). 


(3.9) 
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Thia, therefore, is the theoretical value of the acoustical admittance per unit 
area appropriate to the problem considered by Bayleigh. 

Two special cases noted by Rayleigh are instructive* The first is when there 
is no dissipation (or absorption), so that, with A = 0, — A®, The amplitude 

(A) of the incident wave being supposed equal to unity, Rayleigh’s equation (17) 
gives for the reflected wave 

B — co» Q coa U — hi 

cos 0 cos kl + t rin A/ ’ ' ‘ 

80 that mod B = 1. Comparing with (3.5) we see that 

oil' = t tan kl. (3.92) 

So that, in this case, Cl' is entirely imaginary. The second case is when the 
channels are so long that the vibrations within them are sensibly extinguished 
before the stopped end is reached. The incident amplitude being again supposed 
unity, Rayleigh s equation (20) for the reflected amplitude is 

m 

whence, by (3.8) 

oft' = aj{a+a), (3.94) 

CV, and therefore (i, is in this case real, and there is no change of phase at 
reflexion.* 

In the second case there is always some value of 6 for which cos 6 ~ aKa-^t/), 
and when this is the case the reflected wave vanishes. Thus, if the perforated 
and unperforated areas are equal, o/(<r+<^) ~ And the reflected wave vanishes 
when 6 = flO°. At this angle, therefore, the incident sound is completely 
absorbed. 

4. Method of Determining fi'. 

To determine Q' for any particular substance it is necessary to find the ratio 
of the amplitudes of the incident and reflected waves at some given angle of 
incidence and the change of phase at iefl.exion. If the reflecting face of the 
substance lies in the plane x = 0, and plane waves, travelling towards — x, 
impinge on it normally, the velocity-potenti^ of the incident and reflected 
waves may be represented by 

where A and B may be taken to be teal since the factor tT ** has been introduced 

* By " change of phase at reflexion " ia meant the angle tan-' where /t, and Mi 

ace the imaginaiy and real parte of n respectively. 



414 


E. T. Paris. 


to allow ioF tlie change ri[ phase at reflexion. If is the acoustical admittance 
per unit area of the sulwtance, wo have, corresiKjndmg with 0.3)— 

f f= O' I f) when ® = 0. (4.2) 

By substitution from (4.1) we And— 

A - Be-‘« = oft' (A + Be-***), (4.31) 

or if po — (B/A).* 

1 - oft' = poe~‘“ (1 I «ft'). (4.32) 


Let ft' — ft'i -1- ift'-j. Then, equating the real and iiiiaginuiy parts of (4.32), 
we obtain 


oil'i . (1 + PqCosH) H- ol^j . (io«iuA:S— (1 — puCOsA'S) 
oft'i . po sin AS — oft', . (1 + po cos AS) + po sin AS = 0 
Whence 


rtft', = 


flft'o = 


1 — (JtQ* 


1 + 2pocoB AS + Po* 


2po8inAS 


1 4* 2pu cos AS + Po* J 



(4.4) 


(4.6) 


If, therefore, po and AS can be found experimentally ft' can easily be calculated 
with the help of (4.5), the velocity of sound (o) being assumed to be known. 

A convenient means of finding po and AS is provided by the “ stationary wave " 
method of measuring sound-absorption at normal incidence. In this method, 
due originally to Tuina (1902),t the specimen of sound-absorbent substance to 
be tested is provided in the form of a flat disc and is useil to close one end of a 
cylindrical pipe, the other end of which remains open (see fig. 1). Opposite 
to the open end is placed a source of sound, waves from which pass down the 
pipe and are reflected back from the specimen. When a steady state is reachici I, 
the motion of the air-particles within the pipe is the same as that due to a single 
train of incident and a single train of reflected waves. It is easy to see that 
nnd er these conditions there will exist in the pipe a series of positions of maximum 
and minimum pressure-amplitude, the maxima alternating with the minima 
at distances of a quarter wave length. Also, if A and B are the amplitudes 
of the potentials of the incident and reflected waves, the maximum pressure- 

* Pt is the moduhu of the ooetBoient of reflexion at normal incidenoe. 

f' * Sits. K. Akad. Wiss. Wien.’ 2A, vol. 3, p. 402 (1902). The method, in modified forms, 
has been used by Weisbaoh, ‘Ann d. Fhysik,’ vol. 33, p. 763 (1610); Taylor, ‘Phys. Rev.,’ 
vol. 2, p. 270 (1013), and Eckhaidt and Chrisler, ‘ Sci. Paper of the Bureau of Standards,’ 
No. 526 (1026). 
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amplitude will be proportional to (A + 1^) Ihe n\iiiimuiu to (A — B). 
It is the ratio of (A + B) to (A — II) which can be lucasiired exjieri menially (in 
the maimer indicated in the next Hcction) and from thie observed ratio the value 
of 12'is readily deduced. Thus, if 


we have 


e//=(A + B)/(A-B), 


m+1 


(4.61) 

(4.62) 


The velocity-potentials of the incident and reflected waves within the pijie 
can be represented as in (4.1), the total |jotential IxOng the siini of tf> and 
Thus, retaining only the real parts, we have 


^ — A cos k {<U + x) -|- B cos x ~ d). (4.7) 

Let 

t' f i (8/a), x' ~ x + |S. 

Then 

~ A cos k (at' + x') -}- B cos I; (at' — x') 

-- (A -1- B) cos kx' cos kat -|- (A — B) sin Ax' sin kal'. (4.8) 

So that the motion within the pipe may be looked upon aa being due to two 
superimposed stationary waves, one of amplitude (A B) and the other of 
amplitude (A — B), the nodes of the former being at the loops of the latter and 
vice versa. The maximum and minimum values of ^ (and therefore of 
the presBure-amplitudv), that is (A B) and (A - B), <K:cur when cos Ax' — i 1 
and COB Ax' ^ 0, respectively. If the sound-absorbing specimen be removed 
and a rigid reflecting plate substituted, there will be complete reflexion without 
change of phase, so that A ~ B and 8 = 0. The velocity-potential within the 
pipe is then 

^ if>' ---■ 2B cos Aar cos kat, (4.9) 

this being the potential of a stationary wave with nmles and loops occurring 
when 008 Ax - - d; 1 and cos Ax = 0, respectively. We see, therefore, by com¬ 
paring (4.8) with (4.9), that the positions of the maxima and minima (when 
the absorbing specimen is in place) differ from the positions of the nodes and 
loops (when a reflecting plate is used) by a distance x' — x — ^8. By means 
of the apparatus described in the next section the positions of the maxima 
and minima and nodes and loops can be determined with considerable accuracy 
and in this way 8 is measured directly. When the reflecting plate is in jiosition, 
the distance from loop to loop (i.e., ^X) can also be measured ocnirately, so that 
A8 {— 2n8/X) is fully determined. 



416 


E. T. Paris. 


6 . ExperimentcU ArrangementH, 

The form of stationary wave apparatus employed for the measurement of Of 
is described elsewhere* in some detail in connexion with the measurement of 
sound-absorption at normal incidence, and it is only necessary here to refer 
briefly to the principal features. The apparatus, which is shown diagrammati- 
cfidly in fig. 1, was designed for use at frequencies between 200 and 600 vibra¬ 
tions per second. The dimensions of the pi})e are 30“B cm. diameter and 226 
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Fro. 1.—Stationary Wave Apparatus. 


cm. length. The source of sound is a loud-speaker driven by a thermionic 
valve oscillator, the loud-speaker being fitted with a special device by which 
the strength of the source can be maintained constantly at the same value. 
The open end of the pipe and the source of sound are enclosed in a sound- 
chamber to prevent the strength of the source being influenced by the movements 
of the observer. For exploring the sound inside the pipe, use is made of a 
small form of hot-wire microphone. The microphone is carried at the end of a 
slider which lies along the bottom of the pipe, and passes out through a slot 
in the wall of the sound chamber. The distance of the microphone from the 
closed end of the pipe is found by means of a millimetre scale on the slider, 
the scale being read where the slider passes through the wall of the sound-chamber. 

The response of the hot-wire microphone is measured by the ohmic change in 
its electrical resistance. To determine the ratio of the maximum to the mini¬ 
mum pressure-amplitude (t.c. (A + B)/(A — B)), when the absorbent specimen 
is in place, the following method, which eliminates the relation between the 
response of the microphone and the amplitude of the sound affecting it, is used. 
With the specimen in place, the minimum and maximum ohmic changes, say 
pi and p 2 , are found by moving the microphone along the pipe. The specimen 
is then removed and replaced by a disc of brass which causes almost complete 
reflexion without change of phase. The microphone is first of all placed at a 
loop position in the resultant stationary wave (where there is no change in its 
* fn a paper submitted to the Physical Society of London (1927). 
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olectrioal resistance), an«l then moved along the pij)e until the w^sistance chjinges 
Pi and p 2 are observefl. The distances from the loop at which these changes 
occur, say yi and arc noted. Since the pressure-amplitude in the stationary 
wave is proportional to sin ky, when y is measured from a loop, it follows that 
the ratio of maximum to minimum pressure-amplitude is sin Ay^/sin ky\. 

Thus 


= ^ ^ sin Aya — sin kyi 

(e//) + 1 sill kyo [• Bin kyi ‘ 


To (.letcnnine AS it is only necessary to observe the ilistances of, say, the 
first miniinuin from the absorbent s^iceimen and the first loop from the brass 
reflector, the difference between these two distances being equal to The 
distance of the first loop to the second loop gives the half wave-length of the 
sound, and hence A8 is completely dctemiiiu'd. 

To ascertain the jjosition of a minimum or loop accurately, it is best to find 
two positions, one on each side of the minimum or loop, at which the electrical 
resistance of the microjihone shows equal small changes. The mean of the scale- 
readings at these two positions gives the scale-readings for the loop or minimum. 
With fhe apparatus described above the position of a loop or minimum can be 
determined in this way without difficulty to within 1 mm. when the waveJength 
is 66 cm. 


6. The Va) iatim of Coefficient of Absorpion with . tnyle of Incidence in (he cnee 

of an Acoustic PInster. 


With the aid of the apparatus described in the preceding section, observations 
were made on a specimen of an acoustic plaster prepared at the Building Research 
Station of the Department of Scientific and Industrial Research. The method 
of manufacturing this plaster is the subject of a patent held by the Building 
Research Board. The constituents are magnesihm chloride, granulatcil slag, 
magnesium oxide, lime, powdered aiuminiuin and glue. These are beaten up to 
a froth, the formation of which is assisted by the evolution of gaseous bubbles 
by the reaction between the lime and the powdered aluminium. The included 
bubbles give the plaster its porous and sound-absorbent character. 

With sound of wave-length 66 cm. (about 512 vibrations per second) it was 
found that the ratio (A + B)/(A — B), or c//, was 12-4. Hence ; - 




^ (e//)-l_ 11-4 _ 


* A Bmall correction is needed to allow for the effect of the presence of t lie microphone 
on the motion of the air within the pipe. 

voii. OXV.—A. 2 K 
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Also that was —2*2 cm., the negative sign denoting that the distance of the 
uiinimum from the absorbing specimen was 2*2 <*m. lens than the distance of the 
corresponding loop from the reflecting plate, that is, 2-2 cm. less than a quarter 
^vave-length. Hence. 


180 A 2 X 2*2 fco 

**"- 66 - 


SO that cos kS — 0-980, sin kS - = — 0- 199. 

By means of the formulsB (4.5) aLY can now be calculated. It is found that 

aa' = 0*081:1- tx 0*0100. 

We are now m a jmsition to calculate tht‘ coefficient of absorption (a) for any 
given angle of incidence. We have 

cos 0 — aLY 
^ cos 0 + (lii'' 


an<l since it is the square of the modulus of |x in which \ve are interested (since 
a = 1 — I |JL p) we may calculate directly 


. , 6j _ (cos 0 - ■ h 

" (cosO-hn£V)«-l-(aSV)''' 


( 6 . 1 ) 


where a£i/ =r-- 0-081:1 and 0 ^ 2 ' — —0*0100, so that 


9 ^ j _ (cos 0-0*0813)^ i-O-OKHi 
(cos 0 +0*081 ;5)^ 4-0*0100' 


The results of the calculation are remarkable, and arc shown graphically by 
the curve in fig. 2. At normal incidence (0 0®) the coefficient of absorption 
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is O'28, As 0 is increased the absorption increases, slowly at first, ami then 
more rapidly, passing through a maximum value of 0*76 when 0 = 83^, 
Thereafter the absoryition drops rayndly to zero at grazing incidence. At no 
angle of incidence between O'* and 89^ is the absorption less than it is at 
normal incidence. 

The results obtained with this specimen of plaster are tyyiical of the behaviour 
of materials of this kind, of which a considerable number have lK*ea examined. 
The change of phase (/rS) is in all cases found to be small, and hence, the imagi¬ 
nary part of 12', as shown by (4.5), is also small. It follows, from (6.1), that 
there is always some angle of incidence, approximately given by cos 0 — oQi' 
at which there is heavy absoryition. 

If a material were found for w'hich A’S was zero, there would necessarily be 
some angli! of incidence at which there w'oubl be comydete absorption. This is, 
of course, the case with th<‘ ideal substance considered by Rayleigh, for which 
aiV ^ cr/(cr + O’*). 

A direct exj>cnmcntal verification of these results would lx? of great interest. 
The most j)romising methocl would ajipear to be that used by Wat^^on,* in which 
a beam of souml is y)roduced by a source j)Lace<l at the focus of a yuiTaboloid. 
The beam is directed on to the s|jecimen and the amplitudes of the incident 
aiul reflected sounds compared by direct measurement with a Rayleigh disc 
instrument. The angle of incidence could be varied by rotating the s|iecimen 
On account of the wave length of sound the apy>aratus required would be some- 
wliat large. 

The investigation described above formed yiart of a research into the methods 
of measuring sound-absorption, undertaken in the Acoustical Section of the Air 
Defence Experimental Establishment, wdth the aid of funds provided by the 
Deyiartment of Scientific and Industrial Research, on the recommendation of 
their Physics Research Board. 

* F. R. Watson, * AcouBtica of BuiUlmgs,' chap. 8 (1923). 
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Tke Efficiency of K Series Emission by K Ionised Atoms, 

By L. H. Martin, M.Sc., 1851 Exhibition Scholar (Molb.). 

(Communicated by Sir Ernest Ruiherfortl, P.R S.—Received April 28, 1927.) 

§ 1. Introdmtmu 

The general outlines of the atomic processes resulting from an initial state 
of ionisation, with the subsequent emission of a quantum of radiation arc 
well known. 

In the particular case of the excitation of K series radiation by X-rays ol 
frequency v, the initial ionisation of the atom is associated with the (sjection of 
an electron with a velocity given by the familiar Einst^in-Bolir ndation 

—Vk|. (I) 

In the reorganisation of the atom an electron from an outer level takes up 
the orbit in the K shell vacated by the K electron, the resulting excess energy of 
the atom appearing as radiation of frequency v^diay given by the relations 

== Vk - (2) 

where Vx,mn,c 1 c > arc quantities corresponding to the energies Avj^, AvjjnN.i‘to.> 
of the atom in its initial and final states. 

The essential adequacy of this picture seems now to be well established. In 
particular this is evidenced by the striking success with which Kossel, SonunerfehU 
VV'entzcl, Bohr, Coster and Dauvillier* have been able to correlate the frequencies 
of the constituent radiations of the various series in X-ray spectra. 

However, it has been apparent for some time that this simple model does not 
give a complete account of the phenomena associated with the reorganisation. 

In some early measurements on the efficiency of excitation by X-rays of 
K characteristic radiation in atoms belonging to the Fp group, Barkla and 
Sadlerf found that only a small fraction, some 30 per cent., of these atoms 
which were K ionised emitted K series radiation, Kosscl| has suggested that 
this low efficiency of K series emission may be explained on the assumption that 
the majority of such atoms undergo radiationless reorganisations of the Klein 

* * Atombau und Spektrallinien,' 4th Ed., p. 303. 
t Barkla, Bakerian Lecture, * Phil. Traufl.,* vol. 217, p. 315 (1917). 
t * Z. f. Phyaik,' vol. 19, p. 333 (1923). 
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Rosscland* type resulting in tho appearance of high speed electrons with energies 
E given by the equation - 

E = h (‘^) 

Recently P. Auger,f from a study of the tracks produced in a Wilson expansion 
chamber containing different inert gases which were ionised by X-rays of known 
wave-length, has been able to demonstrate definitely the existence of such 
radiationless processes. Auger has photographed examples of ** paired ” 
tracks which have a common origin and ranges which correspond to photo- 
electrons possessing en(*rgies given by equations (1) and (3) respectively. It 
is interesting to note that he, has obtained cases where as many as four tracks 
have a common origin indicating that this radiationless process may continue 
throughout the outer levels resulting finally in an atom ionised to a high degree 
in the surface levels. 

Bothe^ has recently suggested an alternative explanation of these results. He 
points out that the results of Barkla and Sadler can be correlated with those of 
Auger on the assumption that they are manifestations of the phenomena of 
“ internal absorption ” in the province of X-rays, a conception already familar 
in the picture given by Ellis and Skinner § of the origin of [i ray spectra. 

According to this hypothesis K radiation is always emitted in the reorganisation 
of a K ionised atom, but owing to reasons at present undetermined the proba¬ 
bility that this K radiation shall be absorbed in the L, M, N, etc., levels of the 
same atom is very much greater than that it shall be absorbed in the same 
levels of some other atom. In other words, the absorption coefficient for the 
K series radiation in the L, M, N, etc., levels of the parent ” atom is very 
much greater than that for radiation of the same wave-length emitted from 
some source outside this atom, with the result that less K radiation is found 
to be emitted from a metal plate, when this is illuminated wdth exciting X-rays, 
as in Barkla’s experiments, than the amount deduced using normal values for 
the absorption coefficients of the fluorescent radiation. 

The excitation of the K series radiations in a plate or gas will be accom¬ 
panied by a sudden increase in the photoelectron emission as a result of the 
“ internal absorption ” of the fluorescent radiations in the outer levels i»f the 
atoms. The energies of these electrons arc again given by equation (3). 
Experimental evidence of this increase in the emission of high speed electrons 

♦ Klein and Bosseland, ‘ Z. f. Physik,’ voL 4, p. 46 (1921). 
t • C.R.,' voL 180, p. 05 (1925); ‘ J. Phys. Bad.’ (June, 1925). 
t ‘ Phys. Z.: vol. 26, p. 410 (1925). 

5 ‘ Boy. Soc. Proc.,’ vol. 105, p. 185 (1924). 
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is strikingly shown by some early measurements by Barkla* and Bcattyf of 
the ionisation produced relative to air in bromine, iodine, and selenium hydride 
respectively by a series of homogeneous X radiations. They observed a sudden 
large increase (2 or 3 times) in the ionisation produced when the wave-length 
of the radiation absorbed was slightly shorter than that of the K limit of the 
gas in question.! Such an increase would not be expected as the dimen *^1008 
of the ionisation chambers wen* such that only a negligible amount of excited K 
radiation was absorbed in the gas and according to equation (1) the photo¬ 
electrons ejected from the K level by radiation whose frequency approximates to 
that of the K limit have zero velocity when they leave the atom. 

This unexpected and hitherto unexplained increase in ionisation at the K 
limit first finds a satisfactory explanation in terms of the “ internal absorption ” 
hypothesis. 

It is shown later that values of the efficiency of emission of K series radiation 
for these gases can be deduced from these experiments which agree satisfactorily 
with other more direct determinations. 

It must be mentioned, however, that at present there exists no experimental 
evidence confinning the assumption that in these radiationless reorganisations 
the K radiation is actually responsible for the high speed photo-electron 
(equation 3) which is the only evidence of its presence, as this high speed electron 
may of course equally well be due to a direct interaction between the K shell and 
one of the outer shells. 

The conception of “ int<*rnal absorption ” provided it is not interpreted too 
strictly has a real advantage, however, as it presents a possible simple model of 
the atomic process, and for that reason it will be used throughout this paper as 
a descriptive term for the radiationless process in the reorganisation of iin 
ionised atom. 

It might be expected that atomic processes subsequent to the initial ionisation 
of the atom in the K shell would be independent of the mechanism responsible 
for this ionised state; in particular that the probability of emission of K series 
radiation as opposed to the probability of its internal absorption ” would be 
independent of the frequency of the ionising radiation. In Table I some values 
are shown of “ the number of quanta of K characteristic radiation emitted by 
each K ionised atom ” for a number of different atoms excited by a series of 


* Barkla and Philpot, * Phil. Mag.,' vol. 25, p. 849 (1023). 
t ‘ Roy. Soc. Proo.,’ A, vol. 85, p.'329 (1911). 

! See fig. 3, at end of paper. 
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X radiations of different frequency. Tht*se values are deduced from the results 
of Barkla and Sadler. 


Table L 


Kx(Mtm); KodiiUions K st’rios. 

NUh. of quanta of K ladialiori rmittcd per 

K ioriiHecI 

I Cr. 

i 

</o. 

i 1 

Cu. 

/ii. 

1 

Fe 

0*20 






Co 

0 20 

0 20 

. — 


— 

— 

Ni 

0*19 

0*28 

0 So 

- 

- 

- 

Cu 

0*1K i 

0*2H 

o*:j5 

0*39 

- 


/n 

n-iri 

0*25 

0*30 

0 33 

0 38 

- 

As 

013 

0*21 

0*24 

0-20 

0-32 

0 40 

Se 

i 

0 21 

— 

— 

0-32 

0*3ti 

M 

1 

- 

~ - 

—' 

0-33 

i»‘34 


It will be seen that the efficiency of K emission decreases steadily as the 
frequency of the exciting radiation increases. This result is surprising and 
seemed to be of sufficient importance to merit further experiments under the 
improved conditions which result from the more detailed knowledge available 
to-day of X-ray pbmomena. 

In the present experiment relative values for the efficiency of K emission 
have been dett*rmmetl in the case of Fe, Ni, Cu and Zn for n series of exciting 
radiations which lic^ between 0-G A.U. and the respective K limits of these 
elements. In the particular case of Pe the absolute efficiency has been deter¬ 
mined and investigated as a function of the frequency of the ionising radiation. 

The experimental details are given in the next section ; it is only necessary 
to say hero that a beam of exciting radiation is totally absorbed in a plate of 
one of the above metals placed at right angles to it. The ratio of the energy 
of the total excited K radiations to that of the exciting radiation £b can 
be deduced readily from the ratio of the ionisations produced by the total 
absorption in oxygen of the exciting beam and those excited rays which escape 
the radiator, together with a knowledge of the absorption coefficients for those 
radiations in the radiator. 

Expressing the energies of the excited and exciting radiations as 

respectively, the number of K quanta emitted per ionised atom is given 
simply by 

!iE = ^ 

Bb ’'K 


(4) 
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If Jki the K jump, is the value of the ratio 

[*/p (K + L M, etc.)/fi/p (L + M + etc.) 
corresponding to v^, the ratio of the number of exciting quanta absorbed in 
the K level to the number absorbed in the whole atom is [J^ — IJ/Jki and 
the efficiency of emission <f> for K ionised atoms is given by 

As tho variation of with v is of importance, and as the only available values 
for the absorption coefficients of the different radiators for wave-lengths in tho 
neighbourhood of tho K absorption limits arc those of Barkla and Sadler* made 
for radiations which were not strictly homogeneous, some new measurements 
were made the results of which are given in another papcr.f 

Recently Balderston* has published an account of measurements of ^ for 
these elements and Mo Ag and Sn in a wave length range 0 * 306 A.U. to 0 •889 A.U. 
radiations which are in general considerably shorter than those used here. A 
comparison of these results with those of the present paper is of particular 
interest in throwing further light on the variation of ^ with the frequency of 
the exciting radiation. At the end of this paper, the values of ^ obtained 
for different elements in other experiments are compared in relation to the 
general variation with atomic number. 

§ 2. Theory of ExperimeM. 

It has already been mentioned that the value of the energy of the excited 
K radiation obtained experimentally has to be corrected for the absorption in 
the metal plate which this radiation undergoes before it escapes the surface. 
This correction has to be extended to correct for the fact that less fluorescent 
radiation is excited in tho deeper layers than in tho surface layers owing to the 
progressive decrease in intensity of the exciting beam. 

If there are quanta of radiation of frequency vg incident on the radiator 
per second, the number absorbed in a layer Sac at a depth x is given by 
where is the absorption coefficient of this radiation in the 
radiator. By definition of / the number of K characteristic quanta excited in 
this layer is /. . Sx; while the number which escape from the 

surface of the plate in a direction 6 is 

(27c sin 080/47r)./. n,. i. c-*-*““* 8x, 

* ‘ Phil. Mag,; vol. 17, p. 739 (1900), 
t Martin, ‘ Proo. Camb. Phil. Boo.’ (1927). 
t * Phys. Rov.; vol. 27, p. 696 (1926). 
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where ag is the “ mean ” absorption coefficient of the K characteristic radiation. 
In these equations it has been assumed that the “ true absorption coefficient 
can be replaced by the total ” absorption coefficient. This is justified, since 
the minimum value of (i/p which enters into this equation is 27 *0 (the maximum 
error is less than 1 per cent.)* Knally, the ratio of the excited to the exciting 
quanta on integrating is given by 



/[(l -cosQ) - 

2 aicosli + aj 


( 0 ) 


In this integration 0 has been assumed constant in the a- integration. This is 
justified as the average maximum depth hom which the excited rays can escape 
is of the order of 0*001 cms. 12 the maximum value assumed by 0 is an 
apparatus constant. 

It is found that even with large values of Q (12 ^ 90°) the ratio of the 
ionisation currents produced by the absorption of the excited and exciting 
radiations near the K limit of the radiator in the same length of oxygen is very 
small (of the order 5 to 10 per cent.). Large values of 12 necessitated the use 
of a short ionisation chamber in which the electrodes are perpendicular to the 
X-ray beam. Since, with such a chamber only a small fraction of the X-ray 
beams are absorbed corrections have to be made for the fact that the excited 


and exciting radiations possess different absorption coefficients. 

In the case of hemispherical electrodes of radii xi cms. and x, cms. with the 
radiator placed at the common centre in the equatorial plane, it can be shown 
readily that the ratio of the ionisation currents of excited and exciting radiations 


is given by 



Vb ' 1 —• ’**~*'’ 



(7) 


where (ij -f- Op pt = Ta -f o, absorption coefficients of the radia¬ 

tions vi and vk respectively in oxygen. 

In the case of two plane electrodes parallel to the plane of the radiator, and 
distant from it Xi and x^ cms. respectively equation (7) becomes 


% _ Nk vg 

»„ K ’ Vb 


I—e-n ■ 




( 8 ) 


is a factor which corrects for the increased length of oxygen traversed by 
the excited K rays corresponding to values of 6 not zero. 

The following assumptions were made in the derivation of equations (7) 
and (8). These assumptions are of particular interest in as much as they are 
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prf*aent in moat measurements of X-ray intensities where ionisation methods 
are employed. 

(а) The total radiation energy absorbed in producing ionised oxygen atoms 
(principally in the K shell) is employed ultimately in the production of “ general 
ionisation. This assumption implies that any radiations excited in the oxygen 
atoms is completely absorbed in the ionisation chamber. It will be shown later, 
however, that the cfTioiency of excitation of K series radiation becomes extremely 
small for atoms of low atomic number, and it seems probable that in the casf* 
of oxygen the radiation energy absorbed is completely converted into “ photo- 
electron ” energy. 

(б) The energy required to produce a pair of ions is independent of the velocity 
of the ionising high speed photoelectron. On the basis of some early results 
of Lenard,* Ilolthusenf has proposed a correction to ho used in the comparison 
of X-ray intensities when the beams arc of different frequencies. According 
to Ticnard’s results the energy required to produce a pair of ions is a function 
of the velocity of the high speed ionising electron. 

Considerable doubt has been thrown on the validity of this correction by 
some recent experiments of Kircher and SchmitzJ and Kulenkampf,§ who* 
found that the energy required to produce a pair of ions is independent of the 
frequency of the X-ray beam primarily responsible for the ionisation, at least 
in the wave length range 1 • 5 A.U. to 0 • 5 A.U. Further evidence for the probable 
constancy of the energy required to produce a pair of ions is discussed by 
Anslow.ll 

(c) Both the excited and exciting radiations produce high sixsed photo¬ 
electrons in the same length of oxygen, i.e., — £Ca cms. This assumption is- 

only justified when the ranges of the photoelectrons are small compared with 
the length of the chamber, or when the ranges associated with the excited and 
exciting radiations are nearly the same. 

{d) The radiation scattered by oxygen makes no contribution to the ionisation 
currents. In the wave length range used the ionisation produced by Compton 
electrons can be neglected. 

The sources of error (c) and (d) are discussed later in relation to the particular 
onisation chamber used. 

* * Quantitives Uber Kathodenstrahien aller Qesohwindigkeiten.* 
t * Fortschr. a. d. O. d, Rentgenstrahlsn,* vol. 26, p. 215 (1910). 

Physik,* vol. 36. p. 484 (1926). 

$ ‘ Ann. d. Phydk,' vol. 79, p. 97 (1026). 

II * Phyg. Bev.,’ vol. 26, p. 484 (1925). 
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The values of the efficiency of K aeries cmissioii arc deduced finally from a 
combination of ( 6 ) and (7) 


where 


/- 




vk A . B ’ 


A 


■^vi: 


1 ~ *2 


(1 - cos Q) — --log,- 

«! ai cos 12 + a 2 


(9) 




§ 3. Experumntal Details, 

(a) Source of Exciting X-Raijs,—As intense beams of X-rays of long wave 
length were required it was necessary to use an X-ray tube* provided with a 
thin aluminium window. This tube was of the hot cathode type connected 
continuously with a Oawford mercury jet pump (Western Electric type) anrl 
runs quite steadily when the current is not greater than 5 milli-amps. 

A measure of the intensity of the X-ray beam issuing from the tube was 
obtained by placing a small ionisation chamber between the collimator slits 
of the spectrometer and measuring the ionisation produced with a Dolezalek 
electrometer. Since this ionisation chamber measures the total intensity of the 
beam it is important to keep the potential on the tube approximately constant, 
so maintaining constant the distribution of relative intensities among the 
various wave-lengths. To this end a voltmeter was placed across the primary 
of the transformer and the primary voltage controlled by means of variable resist¬ 
ances in series with the primary windings. The tungsten filament was heated 
from accumulators. 

In order to obtain intense beams of exciting rays of wave lengths shorter 
than it was found necessary to use the general radiation from a platinum 
target excited at appropriate voltages, and absorbed in layers of suitable salts. 
The process of filtering reduced the beam to at least 0 -05 of the original intensity, 
and, judging from the curves obtained by plotting log I 0 /I 4 against thickness 
of aluminium, appears to yield beams of some degree of homogeneity. The 
absorbmg materials used and the mean wave lengths of the filtered beams have 
been deduced from the aluminium absorption co-eificients obtained in the sub¬ 
sidiary experiment already referred to. 


* TIm tube is deioribed ia detail elsewhere. Martin, ‘ Froo. Cunb. Phil. See.’ (Zee. rit.). 
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Table II. 


Filter. 


NH«Bl + 0125nim. A1 
8r COj -r <>• 126 mm. AI. 
fir COj 1 -1) 200 mm. Al. 

ZrOj +-0 400mm.Al 

Mo 0 ri.1 mm -F 0-800 mm. Al 



M(*aii fijp Al. 

Mean A. 


14-0 

102 A.U. 


iia 

0-04 „ 


7-8 

0*82 „ 


01 

0-75 „ 


3*7 

OW „ 


(6) Apfa-ratas—k^ the ionisation produced by the excited K radiations is 
only a small fraction of that produced by the exciting X radiation, a balance 
method was used in which it was possible to measure directly the ionisation 
produced by the excited rays while the total intensity of the exciting beam was 
deduced from the decrease in ionisation produced by absorbing the exciting 
beam in a thin aluminium foil of known thickness. The thickness of the 
aluminium was chosen so that the two ionisation currents measured were of 
the same order of magnitude. The method had the advantage that it enabled 
the Compton electrometer to be used continuously at the same sensitivity. 

The apparatus used for measuring the absolute value of / for iron and nickel 
for homogeneous exciting radiations near the K limits is shown in iig. 1. It 
was used also fox measuring the relative values of / for Fe Ni and Cu for the 
series of short wave length exciting radiations. The apparatus was mounted on 
an ordinary Bragg X-ray spectrometer in place of the usual ionisation chamber. 

The exciting X-ray beam passes through the two chambers C 2 and by the 
windows and (holes 0-3 cm. in diameter) and falls on a radiator R 
which is supported on a small carbon disc. This disc can be rotated by means 
of an ebonite plug moving in a ground metal joint, and the radiator B turned 
out of the way of the beam of X-rays, which falls then on the carbon disc. The 
electrodes of this chamber (G^) are hemispheres of radii 1 * 72 cms. and 6*05 cms. 
respectively. The radius of the inner hemisphere is greater than the maximum 
range in oxygen of the photoelectrons ejected from the radiator. This electrode 
was made of the thinnest paper available, gummed over a light framework 
of celluloid, and then painted with Indian ink to reader it conducting. (The 
paper was so thin that it really formed a semi-transparent fine fibrous mesh.) 

The outer hemisphere was painted very heavily with Indian ink in order to 
reduce as far as possible the emission of low speed electrons. The saturation 
ionisation currents were found to be independent of the sign of the voltage applied 
to the inner electrode within the limits of experimental error. 

The balancing chamber C 2 is of the usual type with two plate electrodes. 
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A shield S can be moved by means of a milled nut N between the X-ray bentn 
and the electrode connected with the electrometer. It was ^)ossible, by moving^ 



Fia. 1. 


this diield to baltmce the ionisation current in (.’j, and a balance once set up was 
found to hold through a run (usually mins.). 

The ionisation currents were measured by a Crompton electrometer working 
at a maxunum sensitivity of 8,000 nun. per volt. Small leaks were balanced 
out by applying a fraction of a volt to an artificial leak provided by a uranium 
oxide resistance. 
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For the softer exciting radiations, a difficult}’’ arose in obtaining aluminium 
foils which were sufficiently uniform to justify a determination of their mass per 
unit area, and at the same time thin enough to produce a decrease in intensity 
in these radiations of only some 5 to 10 per cent. This difficulty was overcome 
by mounting an aluminium foil A (of thickness D = 0*00164 cm.) on the 
moving arm of a divided circle 0. If the aluminium foil is rotated through 
an angle 0, the decrease in intensity is equivalent to that caused by a foil of 
thickness 

rf = D fsec 0 - 1]. 

(c) Measuretnenls. -Determinations of the ratio of the intensity of the excited 
K radiations to the exciting radiations were carried out m the following manner. 
A balance between Cj and Cj was first obtained with an aluminium foil of thick¬ 
ness placed between the chambers and the radiator 11 turned out of the 
way of the exciting beam. The radiator is now turned into the path of the beam 
and the increaswl current “ a ” due to the excited K radiations is measured. 
The radiator is now tunied out of the way, the aluminium foil removed and 
the current 6 measured. The ratio ik/i,. is then simply 

tK . i « 

V 1 - /k ■ 6 ’ 

where h is the fractional decrease in the intensity of the exciting beam duo to 
the interposition of dnns. of aluminium. In general, it is imposiiible to obtain 
a i>erfect balance and in the following table a and b are diminished by the balance 
current x. Table Til shows typical sets of readings for two exciting beams 
X —0*()37 A.U. X— 1*537 A.U. respectively. 

Table III. 

Cu Radiator. Exciting radiation 0*637 A.U. Al absorber d = 0*1356 mm. 

k =0*127. 


JC 


h ~ X 

Uliv 

klaiicc. 

Kxoited K 

kl{l — k) exciting 

k a - i- 


radiation. 

radiation. 


7 

42 

40 

0-146.1-OSO 

9 

42 

42 

1-000 

8 

42 

88 

1-106 

9 

48 

88 

1-262 

11 

44 

42 

1-04S 

8 

60 

44 

1-137 

8 

46 

46 

1-000 

10 

46 

44 

1 

1-036 






K Series Emission hy K Ionised Atoms. 


431 


Table III—(contintied). 

Fe Radiator. Exciting radiation CuK« 1-537 A.U, A1 absorbi'r 
D= 0-00164 cm. 050^ d == 0-000912 cm. it ---=0-114. 


H 

fi (r 

e 0 ^ 1 i*Vj 

lK'h‘ 

b 

r 

« 

L" 

j -h 

0 

3U 

50 

i 

1 OIU.UIUK 

-3 

33 

m 

; 0 638 

-4 

:ii 

.59 

1 0 058 

0 

37 

.59 

1 0-595 

1 

37 

59 

i Otil2 

1 

3r> 

.55 

1 0-588 

-2 1 

1 

35 

67 

1 0 605 


A rtlightly different procedure was earned out in the case of ZuK^ CuK„ and 
NiK», but this is sufficiently clear from the column headings. The deflections 
of the electrometer spot arc always in the same direction and over the range 
used, some 100 mm., the electrometer sensitivity was found to be constant. 

The values of ik/v have to be corrected first for the loss of intensity of the 
excited rays in passing through the inner electrode, secondly for the ionisation 
produced by electrons ejected from the outer electrode by the excited rays. 

Measurements were made on the absorption by the celluloid frame of the K* 
radiations of Fc, Ni and Cu, and the absorption deduced for the mean wave 
lengths of the K scries radiations. The values for the fraction of radiation 
transmitted, after allowing lor the variation of excited intensity with 0 are 

Pc Ni Cu 

Transmission Factor .. 0-63 0-70 0-73 

A direct measurement in the case of the s3cond correction showed that this 
amounted to 2 per cent, in the case of Fe Ka, 4 per cent, in the cases of Ni Ka 
and CuK«. 

The corrected values of i'k AV and the deduced values of/are given in Table IV. 

The following values were used in the evaluation of the factors A and R 
equation (9). il is defined by a copper ring which supports the inner electrode 
and has a value of 76° W. The values of oc were taken from the measurements 
of the writer already referred to. 

The values for the oxygen absorption coefficients have been calculated from 
the expression 

(i/p = 2-77 X* +0-16 
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Table IV. 


Wavp- 

ixngth 



Ujlv^ 


Noh. of K quanta emitted 
per Ionised atom. 

rays. 


I'V. 

Ni. 

Cn. 

Ke. 

Ni. 

Ou. 

o-fti A.U. 

RpI. val. 

1 

1184 

1*380 

1 

1-17 

1-31 

0-7S 

t* 

1 

1*175 

1-375 

1 

1*23 

1-40 

0-82 

If 

1 

MfiO 

1-393 

1 

1-25 

1 40 

0-94 

If 

1 

1(>«2 

— 

1 

M7 

— 

1 02 „ 

«» 

1 

1 *009 


1 

1-16 

— 

l-4«3 „ 

Abn, val. 

o*nu 

0113 

— 

O-20O 

0 352 

— 

1-537 „ 


0*108 

— 

— 

0-203 

— 

— 

1 ,, 

ft 

0 (H)N 

— 


0-200 

- 



Rcl. val. 

— 

• —• 


1 

1-20 

1 39 


which represents a mean of the measunmienis of Hewlett,* Olsen Dersham 
and Stondijf and the general relation deduced by Richtmeyer and WarburtonJ 
for the atomic absorption coefficient. These experimenters have in every 
case made measurements for wave lengths which are considerably shorter than 
those which occur in the presemt experiment, but extrapolation according to 
n law appears to be justified by the fact that a X® law is found to hold in the 
case of a similar light element aluminium throughout the wave length range 
0-6 A.U. tol-93A.U. 

Absolute measurements were not possible with this type of chamber in the 
case of the shorter wave length exciting beams as the ranges of the photo- 
electrons produced by these beams are large compared with the length of the 
chamber. The use of the chamber for relative determinations of / is justified, 
however, as the constitution and intensity of these beams were kept constant. 

In order to eliminate this source of error a new chamber, fig. 2, was constructed 
to replace CV In this chamber the plane electrodes are perpendicular to the 
direction of the X-ray beam, and one of them can be displaced through a known 
distance, 3*20 cms. If the ionisation currents are measured with the electrode 
first in one position, then in its displaced position, the difference after being 
correcte<l for the change in capacity, gives the ionisation currents produced by 
the absorption of the X-ray beam in a length of gas equal to the displacement. 
The chamber is lined with aluminium 0*6 mm. thick which in turn is covered 
with thick blotting paper. This eliminates any ionisation which would be pro- 

• * Pbys. Rev.,' vd. 17, p. 284 (1921). 
t ‘ Phys. Rev.,’ vol. 21, p. 30 (1923). 
t ' Pbys. Rev.,' vd. 22, p. 329 (1928). 
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duced by the characteristic radiations of the brass chamber excited by scattered 
radiation from the exciting beam. This precaution is important as in the case 



Fig. 2. 


of radiation X = 0*6 A.U. some 20 per cent, of the total radiation absorbed in 
oxygen is scattered. 

The two electrodes and E 2 were made of very thin inked paper stretched 
tightly on an aluminium frame. 

The exciting beam enters through a circular window 0-3 cm. diameter and 
passing through the centre of the window, W, falls on the radiators, R (Fe Ni Cu 
Zia Al), which arc arranged round the circumference of a wheel w. The beam 
of excited radiation is limited by a thick aluminium circular window, W, which 
subtends an angle 2 £2 ==^ 71° 8' at the surface of the radiators. 

The experimental procedure is, in the main, similar to that of the previous 
experiments, but now the balancing chamber C 2 is replaced by a large uranium 
oxide leak. The capacity of this remains constant throughout the experiment; 
an ionisation current equal and opposite to that produced by the exciting beam 
in being obtained by exposing the requisite area of uranium oxide. 

It was found necessary to use a very intense beam of exciting rays in order to 
obtainiesults of any degree of accuracy. This is due partly to the relatively 

VOL. OXV.—A. 2 p 
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small value of which can be used but the greatest source of error lies in the 
determination of the ionisation currents when Ej is in its displaced position. 
The capacity is increased and the length of gas traversed only some 2 cms., 
with the result that the ionisation currents become quite small. An intense 
beam of radiation of high degree of homogeneity was obtained by filtering 
the radiation from a silver target (tube voltage 45 k.v.) through 0-05 mms. of 
palladium together with 0*6 nun. of aluminium. The moon wave-length was 
found to be 0*60 A.U. 

Typical results arc shown in Table Y. The first two columns give the ratio 
of excited to exciting intensities for each position of ; columns three and 
four the absolute values for the exciting beam for each position of Ej. These 
values are deduced as previously from the decrease in ionisation produced by 
interposing in the path of the beam an aluminium foil of known thickness. 
Column five gives the values for E^ corrected for the capacity change. 


Table V.—Excited K intensity. 


Kxoitiiig inteoDity. 

Exciting intensity. 


K,. 

E/. 


®i'* 

E,. 

0*0726 

0 004 

883 

261 

675 

0*058 

0 0703 

0*120 

662 

260 

650 

0*050 

0 0740 

0*100 

866 

230 

660 


0 0776 i 

0*125 1 

890 

200 i 

680 


0 0697 

0*000 

803 

262 

670 

HI 


^e final moan value of i^ji, is 0*068. /is calculated from equations (6) and 
(8) which combined reduce to —fx 0*217, giving a value for /^qual to 
0*268. Relative values of / were also measured for this wave-length. 


— 

Pe. 

Ni. 

Ctt. 

Zn. 


1 

1*247 

1*386 

1-618 


1 

1 176 

1*300 

1 

1*698 
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§4. Remlti. 


The following table gives the collected results :— 


Exciting Radiation. 

Relative values of/. 

Wavo-Loiigth. 

Ke. 1 X.. 

Cu. 

Zn, 

0-64 A U. 1-433 A.r. 

1 

1 

1-19, 

1-38, ^ 


0-603 A 

1 

1-17 

1-36^ 

1-50. 

Mean values 

1 

1-19 

1-38 

1 60 



Absolute values of /. 


1-666 A.U. 

0-299 




1-637 „ 

0-293 

— 1 

— . 

— 

1-433 .. . 

0-290 

0 352 

— 

— 

0*603 ., . 

0*268 

— 


— 

Weighted mean value 

0-285 

0 352 

— 

— 

Deduced absolute values 

0-20 

0 36 

0-40 

0 46 


The values for the efficiency ^ of K emission in K ionised atoms are deduced 
from the values of / by the relation 

^ •' J- — 1 


where Jk is the K jump. It was found, however, in the case of Fe Ni and Cu 
that the exponent of X in the law of variation of [x/p with X had different values 
on each side of the K limit,* t.e., 

X > Xk (i/p 5= const. X* ** 

^ < >>x (i/p = const. X* *®. 

It has been found, howover, that for shorter wave-lengths than those considered 
here (X < 0 • 6 A.U.) a similar relation holds on each side of the K discontinuity.f 
As a result the K jump for one of these elements increases gradually from its 
value at the K limit, and approaches a limiting value in the neighbourhood of 
X = 0-6 A.U. The following are the limiting values found for ;— 

K jump. 


— 

Allen. 1 

1 Martin. 

Fe 

0-5->-10 

9'2->10 

Ni 

8-8->-9-8 

8'6->9'6 

Cu 

9-1 -»-9-8 

8-6->10 

Zn 

8-8-<-9-5 



* AUm, ' Phys. Rev.' (toe. eit .); MerUn, * Ptoo. Camb. PhiL Soo.' {loo. eU.). 
t AUeo, ‘ Phye. Rev.,’ vol. 26, p. 266 (1926); Richtmeyer and Warburton, * Phys. Rev.,’ 

voL22,p.686(1623). 


2 F 2 
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Rfliciency of K emission for K ionised atoms. 


— 

Fe. 

• Ni. 

c«. 

Zn. 

1 

K liimit 

0-6 A.u. 

0-^, 



0*6i, 

0-32, 



O-filg 


It was pointed out earlier that it was possible to deduce the values of tf> for 
bromine selenium and iodine from some early experiments of Barkla and Beatty 
on the ionisation produced in these gases by a series of homogeneous X-radia¬ 
tions. These measurements are tabulated in Table VI. 

Table VI. 


Exciting Radiations. 


lonisatiun relative to air. 


K series. 

Ka. 

SeH,. 

OgHgBr. 

CHJ. 

Fe 

1 -932 A.U. 

! X 

V 

_ 

Ni 

1 (J56 „ 

1 ^ 

y 

162 

Cu 

1*537 „ 

X 

y 

162 

As 

M70 „ 

X 

y 

158 

Br 

1041 

X 

y 

— 

Sr 

0*871 „ 

4*1 X 

3*4 y 

— 

Ma 

0*708 „ 

0*3 X 

4*4 y 

188 

Ag 

0*662 „ 

7*7 * 

5*4 y 

108 

Sn 

0*487 „ 

8*3 X 

5*9 y 

206 

1 

0*437 „ 

— 

— 

211 

Ba 

0 388 


— 

261 [pu- 366} 


If there are n quanta of radiation of frequency v passing into the ionisation 
chamber the number absorbed in a layer of gas distant x from the enttanoe is 

B ([lit + |Jil) 8® 

where [i = | 1 k + (11 is the total absorption coefficient. The ionisation produced 
by photoelectrons ejected from the L level is 

const. B e"***. [iL. S® . A (v — vl), 
while that produced by the K photoelectrons is 

const, n e"*** . ji* . 8® (v — vg) -f- (1 — ^) Av] 

where ^ is the efficiency of K emission for K ionised atoms. It has been assumed 
that with the ionisation chambers used the ionisation produced by tiie absorption 
of excited K rays in the gas is negligible. 















K Serits Emission by K Ionised Atoms. 


437 


The total ionisation current produced in a chamber of length d is 

const. A [v(i — vk fXK] f 3/*. 

Jo 

On the long wave length side of a K discontinuity, the ratio of the ionisations 
x, yis 


1 


while on the short wave-length side the ratio is 

£l 1 {JtiV 

c, • m • l-e-".-' • 


{XlV — 


Cl 1—e j Vk Jk —11 

r • • -j—J 


where Jk is the K absorption jump. At the K limit vg = v, (ussjg. ijx, 
2 (i = Pa and the ratio of the ionisations increases by an amount R given by 

r = j^[i_^£^]. (10) 

The values assigned to R are deduced by extrapolating the values tabulated in 
Table VI to the respective K limits (fig. 3). The following values were found 
for R:— 

Se Br I 
R.31 31 1-7 



lto.3. 
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Actual determinationB of the £ jump have only been made in the case of Hs 
Br. This measurement was made by Barkla and Sadler using radiations 
which were not strictly homogeneous, and it was thought better to use values 
deduced from determinations made under better conditions for neighbouring 
elements. 

Se Br I 

Jk. 7-7 7-7 6-8 

Substituting these values of K and Js in equation (10) the following values are 
found for A:— 

Se Br I 

4 , . 0-68 0-68 0-88 

It is interesting to notice that, if the value of Jk found by Barkla for Br is 
U8ed,».e., Jk = 6-3, ^ = 0*51. This value of ^ was deduced by Bothe (loc. cU.) 
from the results of Barkla and Thomas.* 

It 4 = 0, no characteristic radiation is emitted from an ionised atom 
the curve obtained by plotting R against the wave-length will be horisontal. 
This is the case for Br and Se on the long wave length side of their K limits 
(fig. 3) indicating that for these atoms all the L series radiation is internally 
converted. This is not the case, however, for iodine. Unfortunately, as it is 
impossible to evaluate Ci/Cg, <f>L cannot be deduced from this curve. Auger has 
found in the case of the neighbouring element Xenon ^ = 0*26. 


§ 6. Discussion of ResuUs. 

(a) Variation of with atomic number .—The different values of /k assigned 
by different observers are collected in Table VII, and values of ^ are shown 
plotted against atomic number in fig. 4. 


Table VII.—Efficiency of K Emission. 


1 

Atom. Nob. 

1 

Kobsc]. 

Auger. 

Bothe, 

1 Baldetston. 

Martin. 

18 


0-07 



_ 

24 

0-23 

— 

— 

— 


26 

0 32 

— 

0-26 

0-83 

029 

27 . . 

0-39 

— 

t 

- 1 

— 

28 .. 

— 

— 

i 

0-39 

035 

29 ^ 

0-42 

— 

0*25 

0*44 

0-40 

30 

0-51 


— 

0*50 

0*46 

34 . 

— 

— 

1 


059 

35 , 

— 1 

— 

0-50 

— 

0-59 

36 

— 

0-51 

— 


— 

42 


— 

— 

0*83 


47 .... 

— 


0*63 

0*75 


53 . . 

— 


_ 


0 75 

54 


0*70 

— 


— 


* Baifcls, ‘ BsksriwD Leoton ’ [toe, eit.). 
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The values given by Kosscl were deduced from the application of Holthuscn’s* 
correction to the results of Barkla and Sadler (Table I). It has already been 



Fio. 4. 

mentioned that there is considerable doubt as to the validity of this correction. 
The values obtained here are in good agreement with those obtained by Barkla 
and Sadler for exciting wave lengths near the K limits, but arc consistently 
lower than the values given by Balderaton. The error in the present expwimenta 
is in the neighbourhood of 5 per cent., and it is probable that the sum of the 

* Hi^uaen (loe. eit.). 
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mean errors of the two experiments is at least as great as the observed differences 
in ^ some 10 pw cent. 

The values of / deduced for So Br and I fit in well with the determinations 
of Baldcrston for Mo and Ag, and the value assigned to Ag by Bothe from some 
results by Barkla and Dallas on the photoelectron emission from this element. 
These values are far removed however from the curve of the empirical relation 
suggested by Smikal,* i.e., 

1 _/^16-2/{Z-l), (11) 

which represents satisfactorily the results of Auger and the collective results 
for the Fe group. 

This empirical relation obviously fails to represent values of <f> for elements 
of atomic number lower than 17, but a closer investigation of the variation of 
^ with atomic number would lack point imtil more data are available for elements 
of higher atomic number. In particular it will be important to determine 
whether the rapid decrease observed by Balderston in ^ for Ag is real and is 
maintained for heavier elements, or whetibier ^ gradually approaches the limiting 
value 1. It is interesting to notice, however, that the general variation of ^ 
with Z is well represented by the following alternative equation— 

1-^ = 21»Z-*. (12) 

This is shown in fig. 4 as a dotted line. 

This relation shows a striking similarity to that representing the normal 
absorption of E series radiation. To a sufficient approximation the fraction F 
of the energy of a beam of X-rays of 1 cm.* section which is absorbed by the 
L M, etc., groups of electrons of any atom is given by the well-known relation 

F =s const. Z*X*. 

Since the wave length X of the K series radiation is approximately proportional 
toZ-*, 

F = const. Z"*. (13) 

This striking similarily between the laws which represent the variation 
with atomic number of normal absorption and “ internal ” absorption cannot 
be stressed however, as rather huge differences exist in the values of ^ for elements 
of high atomic number. The single determination of ^ made by Auger for an 
element of very low atomic number (».e., Z = 18) indicates that the variation 
•of 1 — ^ with Z is no longer given by a relation similar to (12), but one in which 

* ‘ Ann. d. Physik,* vol. 81, p. 391 (1926). A oritiosl disouasion is given here of the 
available data reteciing to “ radiationless " phenomena in rodioaotive and X-ray regions. 
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the exponent of Z is positive. This difficulty may not necessarily destroy the 
significance of the similarity pointed out above as there is some evidence* 
that the normal absorption increases at a much slower rate; than in the case 
of elements of very low atomic number. From the data at present available 
the* general similarity existing between the laws of normal ” and “ internal ” 
X-ray absorption is favourable to the general picture of these radiationless 
reorganisations which is suggested by the “ internal ” absorption process. 

(6) Variafton of ^ with Wavr-length of Exciting Radiation,- Although the 
value of found for X — O-GOIl A.U. is some 7 per cent, smaller than the 
mean of the values for X = 1-433 A.U., 1*537 A.U. and 1*655 A.U. respectively, 
the experimental error in the case? of the first is of this order, and it must be 
concluded that within these limits ^ is independent of the wave length of the 
exciting beam. A similar result was foimd by Balderston in the wave-length 
range 0*306 A.U. ‘■0*887 A.O., and it has now been shown in the case of Fe, at 
least, that the efficiency of K series emission is independent of the wave length 
of the ionising radiation from the K limit to 0*306 A.U. This leads to the 
natural conclusion that the ** internal conversion process ** is a mechanism to 
be associated with the ionised atom itself, and is quite independent of the 
radiation field responsible for the ionised state of the atom. 

It appears that this independence of frequency applies over a much wider 
range of frequencies than has been investigated in the X-ray region. Some 
important evidence on this point has appeared recently in the experiments of 
Ellis and Woosterf on the relative intensities of the natural p-ray lines in the 
spectra of radium B and radium C. Certain pairs of lines are produced by the 
internal conversion of the same yray in the L and K limits, and it is found that 
the ratio of the intensities of these lines is 0-22 over the range of y-rays in¬ 
vestigated (6*07 X 10"'° cms. >0*866 X 10"*° cms.). I& is most significant 
that the value of this ratio is that which would be obtained for lead on the 
assumption that the ordinary laws of absorption for X-rays can be extrapolated 
to this region. 

(c) Energy Balance of K series Transformations. - Although the agreement 
shown between the different values of ^ for elements of high atomic number 
leaves much to be desired, a closer agreement could hardly be hoped for as some 
of the experiments from which values of ^ have been deduced were not devised 
to that particular end. It will be seen from fig. 4, however, that the results 
'do form a consistent and coherent whole in spite of large individual variations. 

• Holweok, ‘ 0. R.,’ vol. 171, p. 849 (1920); ‘ C. R./ vol. 172, p. 439 (1921), 

t ‘ Roy, Soo. Proo.,’ A, vol. 114. p. 276 (1927). 
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In some experiments the energ 7 of the K characteristic radiation excited is 
measured, in others the energy of the photoelectrons ejected by the “ internal 
absorption ” of the K radiation, and as these complementary phenomena lead 
to values of which agree among themselves within the limits of experimental 
error, it may be assumed with some coniidence that the energy exchanges and 
transformations associated with the K ionisation of an atom and its subsequent 
reorganisation are now accounted for quantitatively. 

Summary. 

The K series characteristic radiations have been excited in a series of radiators 
Fe, Ni, Gu and Zn, by different exciting radiations (0*6 A.U. -* E limit) and 
the efficiency of K emission determined by an ionisation method. 

The low values found for this efficiency together with the results of other 
related experiments find an explanation in the hypothesis that in some cases 
owing to conditions as yet undetermined the excited K radiation docs not 
escape the atom, but is “ internally absorbed ” in outer electron shells giving 
rise to high speed electrons. 

It is found that the probability of K series emission as opposed to its internal 
absorption is independent of the frequency of the exciting radiation within the 
limits of experimental error. 

The efficiency of K series emission is a function of the atomic number of the 
excited atom, and is such that it seems probable that similar laws, relating the 
probability of absorption with atomic number and wave-length, hold in the 
cases of “ normal ” and " internal ” absorption. 

In conclusion, the author wishes to express his thanks to Sir Ernest Butherford 
for his cpnstant interest and advice throughout this work, and acknowledge 
also his indebtedness to Dr. Chadwick and Dr. C. D. Ellis for helpful criticism 
and discussion. 



443 


Currents Carried by Point-Discharges beneath Thunderclouds and 

Showers. 

By T. W. WoRMBLi^, B.A., St. John’s College, Observer in Meteorological 
Physics at the Solar I’hysica Observatory, Cambridge. 

(Comniunicuted by C. T. H. Wilson, F.R.S.—Received May 6, 1927.) 

[Platb 7.] 

1.— Introduction. 

The present paper describes experimental methods employed for investigating 
the sign and magnitude of the vertical current due to the point-discharge 
of electricity from an elevated metal point, during the intense electric fields 
associated with thunderstorms and showers. The results of preliminary 
observations extending over a period of about eight months are tabulated. 
It is found that there is a considerable net transfer of positive electricity 
upwards from the earth to the atmosphere by the discharge currents. The 
vertical discharge current is thus in the opposite direction to the normal 
fine-weather ionization current and to the convection current carried by 
various forms of precipitation. A comparison of the magnitude of the 
observed quantities with that of the fine-weather current indicates the 
important part played by the point-discharge currents in the total exchange 
of electricity between the earth and the atmosphere. Finally, the distribution 
of dectric field below a cumulo-nimbus cloud deduced from the observed 
variations in magnitude and direction of the current, as the cloud passes 
overhead, strongly suggests that the great majority of shower-clouds and 
thunder-clouds observed were bipolar clouds of positive polarity, i.e., the 
upper charge was positive. 

2.—The Discharging System. 

The discharging apparatus is carried at the top of a vertical wooden pole, 
whose base is attached by a hinge to a stout wooden stake, fixed vertically 
in the ground. The pole can thus be lowered to the ground for inspection 
of ^6 insulation. When the pole is in its vertical position, the heij^t of the 
diacTiaiyng point above the surface of the ground is 8*3 metres. The lead 
oaizying the current to the measuring apparatus consists of about 30 metres 
of lead-coveted rubber insulated cable, of external diameter 9*6 mm. The 
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cable travels down the pole and thence, underground, to the hut containing 
the observing apparatus. The distance from the base of the pole to the hut 
is about 14 metres. Any disturbance of the field at the top of 
the pole, due to the presence of the hut is negligible. 

The discharging point is represented in fig. 1. It consists 
of a 4 cm. length of fine copper wire, A, of diameter 
O'25 mm., attached to the top of a vertical stout iron wire B, 
of length 30 cm. The lower end of B is clamped by a small 
screw, C, to the closed top of a brass tube D. The dimensions 
of D arc:—length 4 cm., diameter 1 -75 cm. The tube D with 
its attached wires, slides on to a solid cylindrical piece of 
brass, E, which is cemented to the top of a quartz tube H, 
of length 8 cm. The wire from the upper end of the cable 
leading to the measuring apparatus passes through the quartz 
tube H, and is clamped by a screw to E. The lower end of 
the quartz tube is fixed in contact with the end of the rubber 
insulation of the cable, inside the upper end of the brass tube 
K by sealing wax. This joint is strengthened by a wrapping 
of insulating tape (not shown in the figure). The base of the 
exposed portion of the quartz tube H and the upper portion 
E of the brass tube K, ate liberally coated with vaseline to 
prevent insects from crawling upwards on to the quartz 
insulation. The brass umbrella,” D, protects the quartz 
tube from rain and makes quantitative observations possible 
during heavy rainfall. When each end of the cable has been 
protected by a quartz tube, as illustrated for the upper end in 
fig. 1, the insulation of the whole system is quite satis&ctoiy; 
it is regularly tested as a matter of routine and is usually found 
to be unaffected by rainfall. 

If q be the charge carried by the discharging system and the 
lead to the hut, the value ot —I jq dqldt, ».e., that fraction of 
the charge lost per second, which is due simply to leakage 
across the insulation, is normally of the order of 1/700. This corresponds to 
a leakage resistance of about 10” ohnu. On one or two isolated occasions a 
much greater leak was detected, due to the presence of spider-threads across 
the quartz at the top of the pole. The current due to the point discharge from 
the apparatus described, has been investigated by two entirely independent 
methods. 
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(a) Integration of the current by a voUameterr The first method employed 
consists in integrating the current during a period of intense electric field, by 
means of a special form of gas microvoltameter, which is connected between 
the end of the cable from the discharging point, and earth. The method 
of the gas voltameter has the advantage that, when the volumes of gas liberated 
from both electrodes are separately measured, the quantity of electricity 
which has passed in each direction may be deduced. Thus, if 1 unit of 
electricity liberates c c.c. of oxygen and 2c c.c. of hydrogen, then, if vi o.c. of gas 
are liberated from electrode A and c.c. from electrode B during a definite 
period, and if a quantity of electricity enters the voltameter at A and leaves 
at B, and a quantity enters at B and leaves at A during that period, we 
have- 

c?i + 2cgjj==Vi, 

From these equations we have at once 

?i + ?» = (»i + ‘'»)/3c. 

quantity which has passed in one direction; and -f q^ 
the total quantity which has passed in both directions. 

The actual design of the voltameter is shown in figs. 2 and 3. Fig. 2 is a 




sketch of the complete apparatus. In fig. 3 a portion of one electrode (near 
C in fig. 2) is drawn on a larger scale. The two electrodes A and B are sealed 
into wider glass tubes, and project into the ends of two horizontal capillary 
tubes C and D. The circuit is completed through the tube E, the shaded 
portions being rubber pressure tubing. A slight constriction is formed at 
the near end of each capillary tube, the electrode projectmg in each case just 
beyond tiie narrowest part of the constriction. When electrolysis is proceeding, 
the mftj n bubble of ^ collects with its near end at the point where the diameter 
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of ihe capillaiy tube becomes constant. The electrodes consist of platinum 
wire of 0*026 mm. diameter passing down fine thin walled capillary tubes, 
through the ends of which they are sealed. The wire projects into the 
electrolyte for a length of about 0*1 mm. The other end of the platinum 
wire is immersed in mercury, whence connections may be made with an 
external circuit. The electrolyte is dilute sulphuric acid of strength 1 in 10. 
The internal diameter of the capillary tubes C and D is about 0*8 mm. and the 
passage of 10~‘ coulomb gives a bubble of hydrogen of length about 2*5 mm. 
The total length of the voltameter is 30 cm. and the height to the top of E, 
10 cm. When the voltameter is in regular use, it is convenient to minimise 
evaporation of the liquid by connecting the tops of the three open tubes together 
by rubber tubing and a suitable T-piece. 

The design adopted for this instrument was arrived at in attempting to 
avoid, as far as possible, various sources of error which might become 
important. In the first place, in dealing with small volumes of gas, of the 
order of a cubic millimetre, the possibility of solution of tiie gas in the 
electrolyte must be reduced to a minimum. The gas is collected in the 
horizontal capillary tubes at a distance of about 1 mm. from the electrode, 
and thus the volume of liquid to be saturated with gas is small. Again, during 
a thunderstorm, the sign of the electric field and hence the direction of the 
current may be frequently reversed by lightning flashes. Under such circum¬ 
stances, bubbles of mixed hydrogen and oxygen will be collected. It was 
found that if such a bubble remained in contact with the platinum electrode, 
recombination of the gases was so rapid that the motion of the boundaries 
of the bubble, as it decreased in size, was visible with a low power microscope. 
The introduction of a constriction at the end of the tube, as already desenribed, 
causes the bubble to move a short distance away from the electrode. No 
appreciable recombination has been detected in a mixed bubble when not in 
contact with platinum. There is, however, a slow decrease in the size of a 
bubble, whether it be pure hydrogen or oxygen or a mixture of the two. This 
effect is presumably due to slow solution of the gas in the electrolyte. For 
bubbles of a few mm. in length, the rate of decrease in length is rather less than 
0*2 mm. per day. Another source of error, if frequent current reversals 
occurred, might reside in the capacity of the electrodes. The area of platinum 
exposed to the electrolyte has, however, been made so small that this effect 
is quite nej^igible in the form of apparatus described, the capacity of the 
electrodes being of the order of 2 x 10~* microfarad. No current wiU pass 
through the instrument unless the difference of potential across the eleotrodes 
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exceeds about 2 volts. For the present purpose this is an advantage, since 
any accidental electromotive force in the circuit will not produce a spurious 
current provided the value of the electromotive force remains below 2 volts. 
The resistance of the voltameter is of the order of 10,000 ohms. Thus, for 
a current as large as a milliampcre, the potential difference between its terminals 
would only be of the order of 12 volts. The effect of this voltage on the 
magnitude of the discharge-current is entirely negligible, since the electric 
field would be of the order of 10,000 volts per metre or more. 

A voltameter of the form described is a convenient apparatus for measuring 
quantities of electricity from about 10"* coulomb upwards, with an acciuracy 
of about 10~* coulomb. Within this accuracy, the volume of gas liberated 
does not seem to depend on the previous history of the electrodes nor on the 
magnitude of the current, for currents from 0*1 microampere up to 200 
microamperes. 

(h) Obaeruations by a spark gap and eapiUary electrometer.--In the second 
method, observations have been made on the actual values attained by the 
current in the discharger system during a period of intense electric fidd. The 
main difficulty in such observations lies in the enormous range over which the 
magnitude of the current may vary. As a storm approaches, the magnitude 
of this current may increase in a few seconds from something undetectable 
by the methods to be described (a value loss than, say, 10"^° ampere) to i0~* 
ampere or more, a range of values of 1 to 10*. The method of observation 
adopted has the advantage that measurements are possible over a very wide 
range of values of the current, and that no damage will be done to the apparatus 
by currents of xmexpected magnitudes. The method readily permits, more¬ 
over, of obtaining a permanent photographic record of the variation of the 
current with time. 

The arrangement of the apparatus is represented diagrammatically in fig. 4. 
A spark gap S is inserted between the end of the lead from the discharger, and 
earth. When a point-discharge current is flowing, the large capacity of the 
lead is charged up until its potential reaches the value V at which a spark 
passes across the gap, when the potential folb very rapidly almost to aero. 
The passage of a spark is considered for the present purpose, to reduce the 
potential instantaneously to aero. In order to measure the potential difference 
at which a spark passes across the gap, and also to obtain when desired a 
record of the variation of the current throuj^ the discharger with time, a 
small air condenser C, and a capillary electrometer E are connected in series, 
across the spark gap. The capillary electrometer is of the form developed 
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by Prof. C. T. R. Wilson* and used by him in his researches on the eleotuc 
fields of thunderstorms. It measures by the displacement of the meniscus 

the quantity of electricity which has passed 
through it, and maintains one plate of the 
condenser C 2 at zero potential. By a 
suitable recording device a trace of the 
variation of the position of the meniscus 
with time is obtained on a photographic 
plate. The recording arrangement is 
described in the reference; the source of 
illumination is now a small electric lamp, 
supplied with current from storage cells. 
The condenser C 2 consists of two parallel 
circular brass plates carried on quartz 
rods clamped in metal supports on an 
earthed base, which prevents any leakage 
current through the condenser and electro^ 
meter. The plates of this condenser are 
5 cm. in diameter, the distance apart 
being usually about 3 mm. The capacity 
is thus of the order of 5 cm. The 
capacity of the lead is 5200 cm. A spark gap of about 0*3 mm. is 
usually employed. In order to provide a rapid means of determining the 
direction of the current when visual observations are being made, a neon lamp 
of the ordinary commercial ** Osglim ” type is inserted at N, The appearance 
of the flash in the lamp as each spark occurs affords a convenient and quite 
definite indication of the direction of the current. The lamp appears to affect 
the regularity of the sparking to a certain extent, and, consequently, when 
accurate results are desired, it is short circuited by the key K. The direction 
of the current is then determined by watching the motion of the meniscus 
of the electrometer or by recording that motion photographically. The 
motion of the meniscus consists of a slow creep as the capacity C| charges up 
and a sudden jump back to its zero position when a spark passes. The 
displacement of the meniscus at any instant, from its zero, is a measure of the 
charge at that instant on one plate of the condenser C 2 . The magnitude 
of the sudden jump when a spark passes measures the charge q on one plate of 



Fia. 4. 


« * Roy. Soo. Froo.,' A, vol. 92, p. 565 (1916); and ‘ Phil. Trans./ A,vol. 221, p. 74 (1920). 
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this condenser, when the potential clifEerence, V, between the plates is equal 
to the sparking potential at the gap. Wc have— 

q - C^V. 

The quantity of electricity passing to or from earth at each spark is (]!,V and 
if N is the frequency of the sparks, the current i is given by the equation— 

i = NC\V = N((VC2) ?. 

The integrated current is given at once by the total number of sparks. By 
visual observations, values of N ranging from one in several minuttis up to a 
frequency giving a note of definite pitch could presumably bo measured. 
When a photographic record is being obtained, however, the present apparatus 
will not record higher rates of sparking than about 3 per second. 

The sparking method imposes a rather severe strain on the insulation of the 
system. As has been previously stated, the fraction of the charge lost per 
second due to insulation losses is usually of the order of 1/700. Thus the 
error due to this cause is about 1 per cent., when sparks are occurring at the 
rate of I per 14 secs. The rates of sparking usually observed are of the order 
of 1 per second while the centre of a shower is overhead. Slower rates necessarily 
occur during the beginning and end of the shower. The error in the deduced 
value of the current, due to insulation leakage, is quite negligible except when the 
sparks are occurring less frequently than one per 10 seconds. The error duo 
to this cause, in estimating the integrated current during a typical shower is 
probably less than 1 per cent. The accuracy is further limited by the precision 
with which the quantity discharged by each spark may be determined, and 
is estimated to be rather better than 6 per cent. 

If the plates of the condenser C 2 bo short circuited, the discharging 
apparatus is connected through the electrometer, to earth, and the whole 
current passes through the electrometer. With this arrangement, visual 
observations can conveniently be made on the sign and magnitude of ciurcnts 
ranging from about to 10'^ ampere. Considerable caution is necessary 
in using this method, as the electrometer may readily bo electrolysed and put 
out of action by too large a current, 

4 .—The quantities of ehdnoUy discharged from the apparatus. 

The values obtained for the quantities of electricity transferred between 
the earth and the atmosphere by the artificial discharging point already 
described, during various showers and thunderstorms, are tabulated below. 
The method of observation employed in each case is indicated in the second 
VOL. oxv.—A. 2 o 
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column. “ a ’’ indicates that the voltameter was used, “ b ” that observations 
were made with the sparking apparatus’. In the next three columns are 
tabulated the quantity of electricity passing from the earth to the 

atmosphere; the quantity passing from the atmosphere to the earth, and 

”* ? 2 * positive electricity by the earth. All these quantities 

are in millicoulombs. The observatioiu) with the voltameter are accurate to 
about 1 millicoulomb, those with the spark gap to about 0*2 millicoulomb. 
In the last column, notes on the accompan>'ing meteorological conditions are 
given in some cases. The showers referred to in this column are, in general, 
phenomena of fairly brief duration, lasting frequently about 30 minutes. 


Date. 


■ 


9i- 9f 

— 

1925. 


■ 

mmm 



SeptomW and 
October 

a 

■ 

H 

40 

Rough observations on the effect of 
Hevcral heavy showers acrompanied 
ill two cases by thunder. 

J>ecomber 15 

1Q9A 

a 

11 

2 

0 

Fall of snow of about 2o mm. depth. 

February 10 

a 

U 

B 

13 

A short thunderstorm. Two light- 
nmg flashes wore wdthin 1 km. of 
the apparatus. 

April 17 

a 

13 


13 

A short thunder-shower. Threo 

flashes wore observed at about 
6 km. distance. 

.. 18 . 

a 

5 

7 

-2 

Prolonged steady rain. 

9. 21 . 

a 

17 

2 

15 

A thunderatorm and several heavy 
showers during the night. 

Moderate rainfall with occasional 
heavy showers. 

.. 22 

a 

G 

0 

6 

$t 24 

a 

0 

0 

0 

Persistent gentle rainfall. 

„ 27-28 

a 

2 

2 

0 

Moderate rainfall with heavier showers. 

.. 30 

a 

0 


0 

Fairly heavy rain. 

Gentle rainfall. 

May 7 


— 

trace 

—trace 

M 12 


11 

0 

11 

Several showers. 

» 13 


30 

0 

30 

Heavy shower with thunder. 

9. 20 


0 

0 

0 

Several hours of steady rainfall. 

M 21 .... 1 

H 

3 

4 

-1 

Distant thunderstorm followed by 
steady rain for hours. 

1 

■ 

4 

1 

3 

Dark cumulus cloud forming on a 
sultry afternoon. No appreciable 
rainfall. 

.. 28 . 

a 

2 


2 

— 

„ 80 ... 

a 

4 

0 

4 

Two heavy showers. 

„ 31. 

a 

0*6 


0 


Jam 1 

b 

12 


12 

Moderate shower. 

.. 3 . 

a 

3 

0 

3 

Steady rain for 24 hours with occa¬ 
sional heavy showers. 

.. 9 ... 

a 

1 

1 

0 

Gentle rain and a heavy shower. 


b 

50 

1-2 

3*8 

A series of thunder showers. 

„ 11. 

a 

2 

2 

0 

Showers with thunder. 

„ 12-16 

a 

0*5 

0 

0-6 

Overcast sky, much gentle rain and 
some heavy showers. 

f, 17 ••• 

a 

1 

6 

-4 


" . 

a 

1 

0 

1 

Heavy cumulus clouds and only a 
traoe of rain. 
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Date. 

Method. 

7i- 



— 

Juuo 24 

a 

1 

5 

-4 

The extreme edge, only^ of a large 






shower cloud passed overhead. 

M ^7 .. 

a 

1 

1 

0 

Heavy shower. 

July S 

a 

2 

2 

0 

Several hours of steady ram. 

18-19 

a 

11 

11 

0 

Severe thunderstorms during the 






night. Flashes were occurring at 
the rate of about 15 per minute at 
1 a.m. Nearest distance of ap* 
proaoh was about 4 or 5 km. 

. .1... { 

a 

3 

1 

2 

Slight shower in early afternoon. 

a 

3 

0 

3 

Very heavy shower with thunder. 






One flash was about 0 * 5 km. distant. 

25 . . 

a 

0-5 

0 

0-5 

Moderate showen. 

.,27. 

a 

2 

3 

-1 

Slight rainfall in the evening. Dia- 






taut thunderstorms had bmn ob¬ 
served during the day. 

August 7-30 

a 

(W) 

(0) 

(14) 

This was approximately the total 
quantity indicated by the voltameter 






after a three weeks’ absence. It 
includes several thunder showers. 

f 

a 

3 

G 

-2 

Very heavy shower. Several flashes 

September 1 < 





wore ob^rved at a distance of 
5 km. 

[ 

a 

3 

2 

1 

Heavy shower. 

2-7 

a 

1 0 

1 0 

0 

Much rain and several heavy showers. 

.. 23 

a 

4 

0 

4 

Thunder shower The nearest flash 






was about 2 km. distant 

24 


trace 

. ^ 

trace 

Very heavy shower. 

f 

a 

1 

4 

•^3 

Shower, Several flashes but not 

M 25 J 

a 

4 

1 

3 

within 10 km. 

Shower. 

27 { 

a 

1 

1 

0 

Moderate ramfall. 

a 

2 

u 

2 

Further rain after a fair interval. 

October 8 

a 

trace 

— 

trace 

Heavy rain and gale. 

10 { 

a 

1 

0 

1 

Slight showeiB. 

b 

40 

0*2 

3-8 

Shower. 

,, 12 and 15 

a 

0 

0 

0 

Prolonged heavy rain. 

.. 21 

a 

3 

3 

0 

»- 

» 24 

a 

5 

0 

5 


ss 31 

a 

0-5 

— 

0-6 

— 

November 5 

a 

trace 

— 

trace 

Heavy shower. 

.. 8 { 

a 

10 

2 

8 

Exceptionally heavy shower. 

a 

8 

0 

8 

Moderate rainfall. 

.. « 

b 

10 

3 

7 

Heavy shower. 

„ lS-14,, 

a 

10 

0 

10 

Heavy showers and persistent rain. 

.. ao 

a 

2 

0 

2 

Persistent rain and dr»zle. 

„ 26 

a 

trace 

trace 

— 

Showers. 

December 23 

a 

trace 

trace 

— 

Drizzle. 

„ 26 . 

a 

trace 

— 

trace 

Slight rainfall. 

ToUl. 


255 

82 

173 



We see that, during the showers and thunderstorms indicated in this table, 
a quantity O’lTs coulombs of positive electricity was transferred from the earth 
to the atmosphere, due simply to the current from a single discharging point. 
While the observations are not entirely complete, they include the majority 
of occasions during the months April to December, 1926, on which the electric 

2 o 2 
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field was sufiSciently intense to cause an appreciable point discharge current, 
t.e., of the order of 1 microampere, for a period of 10 minutes or more. It would 
seem that the figure 0*173 coulombs would indicate the order of magnitude 
of the total effect due to the point discharge current from the apparatus, in 
stormy weather during these months. It is of interest to compare the observed 
quantity with the transfer of electricity during the same period due to the 
normal fine weather ionization current. If we take a value 2 X 10"** ampere 
p<;r sq. metre as an average value of this fine weather current, we find that 
the observed quantity of electricity discharged from the point would just 
neutralize the fine weather current into an area of ground of about 3700 
sq. metres during the same period. The results can be expressed in a slightly 
different way. It will be seen from the table that it was frequently found 
that, during a heavy shower, lasting perhaps, 30 minutes, a net quantity 
of positive electricity of the order of 10 millicoulombs was discharged from the 
earth by the single point under observation. Such a quantity will neutralize 
the fine weather current into an area of about 160 sq. metres during a whole 
year. These figures will, perhaps, suffice to indicate the importance of the 
effect investigated. It is clear that in any discussion of the total transfer 
of electricity between the earth and the atmosphere, the effect of the point- 
discharge currents from prominent natural objects, such as trees, during periods 
of intense electric field, cannot be neglected. One would expect the results 
obtained with the apparatus described to be of the some order of magnitude 
as the quantity of electricity discharged, under the same conditions, from a 
small tree. 

During the observations described, no really severe thunderstorm occurred 
within about 4 km. of the observing apparatus. 


5. Obsenniions on the actual values of the current and their bearing on the 
declrical structure of cumuh-niwbus douds. 

Some observations by means of the sparking apparatus will now be 
considered in more detail. The particular cases selected for consideration 
have been chosen because of the completeness of the information given by a 


Fig. 6, Plate 7, is a record of the vertical current during a brief shower on 
June 1,1926. The values of the vertical potential gradient ate also recorded just 
before, and just after, the diower. The record of this potential gradient was 
obtained by measuring the charge on an exposed earth-connected metal sphere 
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by means of a oapiUaty electrometer.* The phenomena recorded were produced 
by an isolated small shower cloud of cumulo-nimbus type, which appeared to 
pass right overhead. No other shower clouds were in the immediate vicinity 
at the time. At 12 h. 30 m. the approach of the cloud was noticed. At 
12 h. 37 m. there was a small positive potential gradient of + 25 volts per 
metre. This gradually increased to a value of about -f- 60 volts per metre, 
then decreased to zero and soon reached large negative values. The potential 
gradient was zero at about 12 h. 39 m. At 12 h. 40 m. it had reached the 
value — 470 volts per metre and at about 12 h. 41 m. — 890 volts per metre. 
At about this time fairly heavy rain began to fall and the metal sphere was 
lowered to the ground and shielded. The discharge current became sufficiently 
large to cause sparks to pass across the gap at about the same time. From this 
point onwards the photograph records the number of sparks passing across 
the gap and the values of the vertical current at each moment may be deduced. 
The quantity of electricity passing across the gap at each spark was 4-5 micro- 
coulombs. The current was upwards throughout the shower, corresponding 
to a negative potential gradient. The current attained a maximum value 
of 3'6 microamperes at 12 h. 44 m. The total quantity of electricity 
discharged ficom the discharging point during the shower was l'2t x 10~* 
coulombs. The current became inappreciable at about 12 h. 63 m. Just 
before this, the potential gradient must have been n^ative and exceeded, 
say, — 500 volts per metre. At 12 h. 67 m. 10 s. the sphere was again raised 
and the potential gradient was found to be positive with a value of 360 volts per 
metre. The value of the potential gradient was decreasing and at 12 h. 59 m. 
it had reached a value 200 volts per metre. The values of the potential 
gradient and vertical current deduced from this plate have been plotted in the 
figure. No thunder was heard during this shower and there is no indication 
of sudden changes in the current such as would be ^oduced by lightning 
discharges. 

Fig. 6, Plate 7, is an enlargement of part of a record of the current obtained on 
June 10,1926. It illustrates the detailed information which can be obtained 
by this method. On this occasion a series of clouds of cumulo-nimbus type 
was passing overhead, and in several of the clouds lightning discharges were 
occurring. The variations in the value of the current are thus due to the 
superposition of two causes, the motion of the charged clouds relative to tiie 
apparatus, and variations in the magnitudes of the charges due to lightning 
fladies and other causes. Sudden increases of upward current occur at 

• C. T. R. Wilson, lot. eU. 
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12 h. 13 m. 33 s. and 12 h. 16 m. 13 a., indicating sodden inoieases of negative 
potential-gradient doe to ligh tning discharges. The distances of these two 
discharges, deduced from the interval between the disdiarge and the moment 
when the thunder was first heard, are 3*1 km. and 2*1 km. respectively. The 
time of occurrence of the thunder is recorded by momentarily interrupting 
the illumination, and hence producing dark lines on the record, TT. At 12 h. 
19 m. 318. and 12 h. 20 m. B5 s. sudden positive changes of potential gradient 
clearly occurred, due to discharges at distances of 4*9 km. and 4*7 km. respeo- 
tivdy. After each of these four sudden changes, the variation of the current 
suggests that tiie electric-field showed a typical '* recovery curve ”* after a 
lightning discharge. 

The type of distribution of electric field below a shower-doud indicated in 
fig. 5 is similar to that suggested by visual observations of the discharge 
current during a considerable number of showers. The observations are 
supplemented in some cases by measurements of the electric fidd before and 
after the fall of rain. The phenomena frequently noticed as a shower-cloud 
approaches and passes overhead are that the observed current is first down¬ 
wards, then in the middle of the shower, upwards, and finally, towards the 
end of the shower, downwards again. There is, in such cases, a large negative 
potential gradient beneath the central portion of the cloud, and surrounding 
this area, smaller positive potential gradients which may, however, be 
considerably greater than the normal potential gradient of fine weather. In 
some cases, it is only in the intense negative field beneath the centre of the 
doud that a measurable discharge current occurs. Such was the case in the 
shower studied in fig. 5, but the measurements of the field in this case indicate 
that the distribution of electric field was of the tjrpe under consideration. 

The tabulated observations of the quantities of electricity discharged 
during diowers and thunderstorms also support this suggestion as to the typical 
distribution of electric field. In the maicmty of cases there is a net transference 
of electricity upwards from the earth to the atmosphere during the storm or 
shower. Some of the occasions on which the net transfer of electricity was 
zero or, in the opposite direction, can clearly be interpreted by assuming that 
the centie of the storm did not pass overhead. In some cases, when a downward 
transfer of electricity was observed, it could be seen that only the fringe of a 
shower-cloud passed overhead. It has not, however, been shown that all 
cases of a net downward transfer of electricity can be ezplamed in this way. 

A distribution of electric field of the type indicated would be produced* 

* G. T. B. Ti^laom, fee. cit. 
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under certain conditions by a positive bipolar cloud, t.e., a cloud of which 
the upper charge was positive, the lower charge negative. In a recent paper, 
Schonland and Craib* describe observations on the electric fields of thunder¬ 
storms in South Africa and interpret their results as indicating that, in practically 
all the cases observed, the clouds were of positive polarity. Appleton, Watt 
and Herdf combining their own observations with previous ones by Prof. 
Wilson on the effects of lightning flashes on the electric-field in this country, 
also conclude that thunderclouds must frequently be of positive polarity. 
In the present series of observations on the discharge-current, there appears 
to be no great difference in the orders of magnitude of the effects due to small 
thunderstorms and those due to some showers in which no lightning discharges 
occur. The observations strongly suggest that, in the majority of cases, 
the cumulo-nimbus cloud is of positive polarity. It is, perhaps, unnecessary 
to mention the importance of this conclusion in theories of the method of 
maintenance of the earth’s negative charge. 

In conclusion, it gives me great pleasure to acknowledge my indebtedness 
to Prof. C. T, R. Wilson, who suggested the observations described and the 
experimental methods employed. I have had the benefit of his continual 
interest and advice. My thanks are also due to the Department of Scientific 
and Industrial Research for a grant. 

The observations described in this paper were carried out at the Solar 
Physics Observatory, Cambridge. I am very grateful to the Director for the 
facilities accorded me before I became a member of the staff. Some of the 
apparatus was constructed and tested at the Cavendish Laboratory. 

Observations by the methods described are being continued 

* ‘ Roy. Soc, Proc.,’ A, vol. 114, p. 229 (1927). 
t ‘ Roy. Soc, Proc.; A, vol. Ill, p. 654 (1926). 
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The Crystal Structure of a-Manganese. 

By A. J. Bradlky, M.Sc., Ph.D., and J. Thewus, M.Sc., the Physical 
Laboratories, the University of Manchester. 

(Conununicated by W. L. Bragg, F.R.S.—^Received May 6,1927.) 

I. LUroductory. 

It has been shown independently by Westgren and Phragm6n,* and by one 
of the present authors,!' that manganese is allotropic. Both investigations 
pointed to the existence of three crystalline modifications. The names given 
to the different forms of the metal were not the same in the two papers, and in 
order to avoid ambiguity we have adopted Westgren and Phragmin’s nomen¬ 
clature. This latter is preferable because the so-called electrolytic manganese, 
which we called «-manganese (their ^ probably a hydride 

of the metal. It therefore seems better to give the names a-manganese and 
^-manganese to the two forms which are known to be metallic, as W. and P. 
have done. The present paper describes the structure of «-manganese, which 
is stable at zoom temperature and higher temperatures up to about 700“ C. 

In the two invesrigations referred to above, the powder method of X-ray 
analysis alone was employed. In order that the results of any method of 
analysis may be trustworthy, the method must be capable of discriminating 
between all solutions which are theoretically possible, and it is not sufficient 
merely to indicate one solution which explains the observations. If the experi¬ 
mental data are not extensive, and the accuracy with which they can be tested 
is low, it is easy to get a spurious agreement between observation and calculation, 
whidi lies well within the limits of experimental error. This is especially the 
case with a structure such as that of a-manganese where the unit cell contains 
a laq;e number of atoms, and the atomic poutions depend upon a large number 
of parameters. 

It is possible to avoid ambiguity rither by increasing tiie amount of experi¬ 
mental data or by increasing the accuracy of the measurements. In the present 
case we were limited to results obtained by means of the powder method of 
analysis, because it has not yet been possible to get single crystals of a-manganese 
which oould be used for rotation photographs or for an investigation with the 
spectrometer. It was therefore necessary to work with powder-photographs 

* ‘ Z. f. Phyaik,’ vol. 33. p. 777 (1025). 
t A. J. Bmdiey. ‘ PhU. Mag.,’ vol. 00, p. 1018 (1026). 
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irhich were so accurate that the classification of the Imes in the photograph 
could be carried out without the possibility of error. This necessitated a much 
higher precision of measurement than has usually been obtained in the employ* 
ment of the powder method. 

The precision camera designed by Fhragmin and used by him and Westgren 
in their investigations on manganese* seems admirably suited for this purpose, 
being a great improvement on any previous design. The principle involved in its 
construction is essentially that of the Bohlin camera. An accuracy and resolving 
power are attained which establish beyond doubt the dimensions of the crystal 
lattice and limit the space group to very few possibilities. Wo have therefore 
utilised the experimental data published by Westgren and Phragm4n in the 
course of the present investigations. After a long process of elimination we 
have arrived at a solution for the complete atomic arrangement which wc 
think is the only one capable of explaining the data. 

2. Site of Unit Cdl and Number of Atonu, 

Westgren and Phragm^n’s measurements lead without ambiguity to a cubic 
cell whose side is 8*894 A. In their original paper they assigned 66 atoms to 
each unit cell. In the development of our analysis we were led to question the 
Accuracy of this number (n). It appeared that the relative intensities of the 
'different lines could be explained much more satisfactorily by supposing there 
were 68 atoms in the unit cell, instead of 66. This correction, first suggested 
4 Mlely by the analysis, has proved to be justified by a redetermination of n. It 
is by no means so easy a point to decide as would appear at first sight because 
pure «-manganese is so porous that density determinations are not reliable. 
This porosity is partly but not completely avoided by using impure specimens. 

Westgren and Phragm4n determined the value of n from a specimen con¬ 
taining 0*4 per cent Al, 1*3 per cent. Fe and 1*6 per cent. Si. They have 
kindly informed os of an arithmetical error in their calculation of the mean 
Atmnic wright of the specimen which led them to got too low a value for n. 
In thrir paper they give 66*33. A recalculation of their data shows that they 
ahonld have got 67, but this figure is not reliable because the specimen con¬ 
tained both etr and ^-manganese. We have recently redetermined the value 
of n from a specimen of the composition given above but alloyed with 0*36 per 
■cent. C, which turns the whole material into «*manganese. The density was 
found to be 7*26. The mean atomic weight is 54*17. The lattice dimensions 
of the specimen are a = 8*903 A. The number of atoms per unit cell is there- 

* hoc. eU. 
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fore 57 -32. The next paragraph shows that the structure is body centred and 
therefore has an even number of atoms per unit cell. This supports our con¬ 
clusion that there arc 68 atoms per unit cell, and that the somewhat lower figure 
obtained experimentally must be ascribed to the influence of porosity on the 
density determination. 

3. Possible Space Oroups. 

The data given in Tables I and II show that planes with (A + fc + /) odd have 
their spacings halved, all other spacings being normal. There are therefore only 
a limited number of space groups which are possible. An inspection of Astbury 
and Yardley’s* tables shows which space groups fulfil these conditions. They 
all correspond to body centred cubic lattices, and the possible space groups are 
P, W T,3, 0^ 

Summing up the results so far obtained, wo may conclude that a-manganese 
is based on a body centred cubic lattice the space group being T*, T***, Tj®^ 
0® or Oft®, the side of the cube being 8*894 A, and each cell containing 58 atoms. 

4. Experimental Intensity Data, 

The following tables give the available information relating to the relative 
intensities of the lines. Table I was obtained from a powder photogram of the 
usual type. The intensity data of Tables II, III, IV arc identical with those 
given by Westgren and Phragm6n in their paper on manganese, but are slightly 
rearranged to distinguish the results obtained with the different cameras u hich 
they employed in their investigation. 

The distinction between results obtained with different cameras is essential 
since the intensities of lines from different films are not directly comparable. 
A line described as in their paper is omitted as it has not been 

observed in later photographs and is therefore spurious. The three cameras 
from which the data of Tables II, III and IV were obtained are precision cameras 
of the Bohlin type designed by Phragm4n, each camera covering a limited 
range of reflexion angles. The figures in the last column of each table are 
calculated for the structure which we propose for a-mangahese, and should be 
correlated with the intensity of the observed lines. These figures arc calculated 
from the empirical formula NS*/(fc® + A® + Z®), N being the frequency factor, 
giving the number of planes corresponding to {hkl) and S the structure 
amplitudes. The latter was calculated from the factors given below. We 
have used this simplified intensity formula, omitting some of the terms 


• * Phil. Trans.,’ vol. 224, p. 221 (1924). 
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Table I.—Powder Fhotogram of a-Man^nese £rom Westgren and Phragm^n's 

Observations. 


M + p. 

' hkL 

NS>/(A*+fc“ + P). 

ObsorTed^lntoDsity. 

2 

no 

0*02 

absent;. 

4 

200 

0*06 ] 

absent. 

6 

211 

0*32 

absent. 

8 

220 

0*70 

absent. 

10 

310 

0*10 

absent. 

12 

222 

0-58 

absent. 

14 

321 

003 

absent. 

16 

400 

3*78 

weak. 

18 

{aoo} 

89*4 

very strong. 

20 

420 

0*40 

absent. 

22 

322 

27*6 

strong. 

24 

422 

0*4 

medium. 

26 

fsm 

1431 r 

13-0 

medium. 

30 

621 

MU 

weak. 

32 

440 

0*26 

absent. 

34 

/433\ 

1630/ 

1*14 

very weak. 

36 

/600\ 

1442/ 

1-38 

weak. 

38 

/632\ 

1 611/ 

2*32 

weak. 

40 

620 

0*37 

absent. 

42 

641 

0*38 

absent. 

44 

622 

3*4 

weak. 

46 1 

631 

0*73 

absent. 

48 1 

444 

ffSKOl 

8*6 

strong. 

60 

|7)o| 

1 Ai't 1 

11*6 

strong. 

62 

640 

0*01 

absent. 

64 1 

1 

■[ess]. 

AA2 1 

47*0 

very strong. 

66 

1 4/V^ J 

642 

7*6 

medium. 

68 

730 

6*4 

medium. 


Table II.—Precision Fhotogram of a-Manganese from Westgren and 
Fhragm£n’s Observations— Camera. 



hkl 

N8»/(fc»+i*+P). 

Observed intensity. 

6 

211 


weak. 

8 



weak. 

10 

810 

0*10 

very weak. 

12 

222 

0*68 

weak. 

14 

321 

0*53 

weak. 
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Table III.—Prociaion Pbotogram of a-Manganese from Weatgien and 
Phragm4n’s Obaenrations —Second Camera. 


*1 + 

hkL 

NS»/(»*-t- P+ «•)• 

Observed Intensity. 

Id 

400 

3-78 

weak. 

IS 

mmM 

80 4 

strong. 

20 


0*40 

absent. 

S2 

322 

27 6 

strong. 

24 

422 

9-4 

medium. 

26 

/«0\ 

\43l/ 

130 

strong. 

30 

^621 

MO 

weak. 

32 

440 

0-25 

absent. 

34 


[4331 

1 630/ 

114 

very weak. 

36 


reool 

L442r 

1*38 

weak. 

38 


r632\ 

L611/ 

2*32 

weak. 


Table IV.—Precision Photogram of a-Manganese from Westgren and 
Phragm^n’s Observations —Third Camera. 



usoally inserted, because it seems scarcely possible in this case to get a 
{onnula vdiich is really sound theoretically. Such bung the case it seems 
best to use tile simplest possible eminrical formula. The general agreement 
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between calculation and observation constitutes the evidence for the correctness 
of the analysis which will be described in the following paragraphs. 

5. Possible Atomic Groupings, 

In whatever manner the atoms are arranged they must certainly satisfy all 
the requirements of 'P since each of the possible space groups includes among 
its conditions all the conditions imposed by P. We shall show in section 6 that 
there is only one arrangement of 58 atoms which satisfied the demands of P 
and accounts for the observed intensities of reflexion. This is therefore the only 
structure which is in agreement with the experimental data. 

To satisfy the requirements of P, atoms may be distributed in any of the 
following ways- 

Positions with No Degrees of Freedom :— 

X (0 0 0) (K 2 atoms. 

Y (HO)(40J)(OU)(iOO)(OiO)(OOi) 6atoms. 

Positions %vUh One Degree of Freedom :— 

A (ooo) (ooo) (ood) {ada) (J + o, J 4*0, J+o) (i + o, i —o, i —o) 
(i — o> i 4- ®. i — <*) (i — <*» i — ®> i 4"«) 8 atoms. 

B (6, i, 0) (6, i, 0) (0, 6 , i) (0, b, i) a, 0, b) (1, 0, 5) (J 4 . 6 . 0, 4) (i - b, 0,4). 

(i. i 4 - 6 , 0 ) (4, 4 - fr, 0 ) (0, 4 ,4 4- b) ( 0 ,4.1 - ft) 12 atoms. 

C (c, 0,0) (c. 0,0) (0, c. 0) (0, 0 ,0) (0, 0 , c) (0, 0 . c) 

( 4 +c, 4,4) (4 - 4 .4) (4.4+c, 4) (4.4 -■ 4) (4.4.4 +«) (4.4.4 - 

12 atoms. 


PosUions votih Three Degrees of Freedom :— 

(4+ ». 4+». 4+*) (4-)-».4-y.4-«)(4-*.4+y.4-*) (4-*»4-y-4+*) 
(y. *. ®) % *. *) (y. **») (i?« *>») 

(4+y. 4+*> 4+») (4-y. 4—*. 4+») (44-y. J-*, 4—®) (4-y. 4+*. 4-®> 

{z, X, y) {z, X, y) (*, 5, y) (z, x, y) 

(44-*. 4-f*. 4+y) (4-*. 4+*. 4-y) (4-*. 4-®. 4+y) (4+®. 4-®. 4-y> 

24 atoms. 

These groups of atoms may be combined in various ways, subject to the 
condition that tiie total number in the unit cell is 58. Trial shows that the 
atoms may theoretically be arranged in any one of the following 21 ways. Which 
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of these corresponds with reality is decided later from a consideration of the 
relative intensities of reflexion. 


( 1 ) BAt, BAs, 8 A 3 , 8 A 4 , BAs, BA«, 8 A 7 , 2X. 

(3) I'S 

(4) 12Bi, 12Bs 1 

(5) 12B, 12 c > BAj, BAj, BAj, BAs, 2X. 

(6) 12Ci, 12Cs J 

(7) 12Bi, 12 B„ I 2 B 3 

( 8 ) 12B,, 12 B., 12 c ^ 

(9) 12B, 12Ci, 12Ca 

( 10 ) 12 C„ 12 Cj, I 2 C 3 

(11) 12 Bj, 12 Bs, I 2 B 3 , 12 B 4 
n21 12B.. 12B-. 12B.. 12n 


(13) 12 Bj. 12 B„ l2Ci, 120* ^ 8 A, 2 X. 

(14) 12Bi, 12Ci. I 2 C 2 .120, 

(16) 12 Ci, 12C„ 120,, I 2 C 4 

(16) 24D, 12Bi, 12B,. BA, 2 X. 

(17) 24D, 12 B, 120, BA, 2X. 

(18) 24D, I 2 O 1 ,120,, 8 A, 2 X. 

(19) 24D, 12B, 8 A 1 , 8 A„ 6 Y. 

(20) 24D, 120, 8 A„ 8 A„ 6 Y. 

( 21 ) 24Dp 24D,. 8 A, 2 X. 


The structure amplitudes of the various groupings are given^by the moduli 
of the complex quantities (t = V — 1)» as follows 

X. 8 =+ 2. 

Y. S =s + 6 for A, h, I all even. 

8 — — 2 for planes with mixed indices. 

A. {,S = 8 cos Aa cos Aa cos b — Bi sin Aa sin Aa sin la. 

h I h 

B. S = 4cosA&cos^-t~^coBA6cos~-|-4GOBl&cos^. 

2 2 2 

0 . Sj= 4 cos Ac + 4 cos Ac -f" 4 cos fc. 

D. S s 8 cos Ax cos Ajf cos Is + 6 cos Ay cos As cos Lb 
- j- 8 cos As cos Ax cos ly — 8t sin Ax sin Ay sin Is 
— 8i*sin Ay sin As sin Ac — 8t sin As sin Ax sin ly. 
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6, The Selection of the Correa Structure. 

In this paragraph we describe the method of elimination by which we were 
led to select one of the above alternative structures as being tlic only one capable 
of explaining the observed results. The process is lengthy, since so many possi¬ 
bilities are involved. It is described in some detail to show that the solution is 
unique, fiach case is considered in turn with the following results. 

Cam Any atomic arrangement not involving D atoms must give large 

values cither to all reflexions from {h 0 0) planes or to all from (h h 0) planes. 
An examination of the structure factors for the groupings X, Y, A, B, C will 
show clearly that this must be the case. As a matter of fact (110), (2U0), (220) 
and (4'10) are absent from the powder photogram and are either absent or weak 
on the precision photograms. These arrangements are therefore impossible. 

Cases 16-20.—The principle underlying the analysis in these cases is as 
follows. The nature of the structure amplitude formuln for the X. Y, A, B or 
0 atoms is such that unless the parameters have very particular values, quite 
appreciable reflexions will be observed from all planes with indices (hOO) or 
(A h 0). Most of these reflexions are obseni'ed to be very weak, and wo have 
tried to And parameter values which would explain this while at the same 
time accounting for the very large reflexion from (330) and (411). This is, 
however, quite impossible for cases 16-20, as will be seen from some of the 
figures given. 

The calculations are made more lengthy by the presence in each case of a set 
of T) atoms. These are capable of three independent parameter variations. 
The effect of changing one parameter depends so largely on the values of the 
other two parameters, that it is necessary to consider every possible value of 
one parameter simultaneously with every possible value of the other two para¬ 
meters. In order to treat the problem in a practical way, we have confined our 
Attention to a finite number of parameter values. The co-ordinates of a typical 
atom were arbitrarily chosen so as to be of the form 1/16, m/16, n/16, where I, m, 
tt are integers. There are 4096 such positions in the unit cell, but symmetry 
operations make them very largely identical. The number of parameter values 
investigated in this way was large enough to ensure that for planes for which 
XA* was small, no great change in structure amplitude occurred when passing 
from one of the above portions to a neighbouring position. We were therefore 
sure that the approximate positions of the atoms would be indicated by a 
rough agreement between the observed and calculated intensities for several 
ali^tly different parameter values. If no such agreement could bo found it 
Aould be taken for granted that the structure being tested was incorrect. 
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The first test applied to the above parameter values was the following. Which 
of them, if any, could account for the very strong reflexions from (330) and (411) ^ 
Calculation showed that no possible contribution from the A, B, C, X or Y atoms 
alone was at all sufficient to account for such a strong line. It was apparent 
that the D atoms were supplying quite a large proportion of the reflected radia¬ 
tion. We therefore calculated the contributions given by the D atoms to these 
planes for each of the selected parameter values. It was found that only 15 
independent parameter values gave any appreciable contribution to either (330) 
or (411). These 15 sets of values are collected in Coliiinu 1 of Table V and are 
numbered I-XV. Any of the arrangements 17 -20 would require the D atoms 
to have one of these fifteen sets of parameter values. No values of the D para¬ 
meters can satisfy arrangement 16. 

The second test was then applied. W'hieh of these fifteen sets of parameter 
values, if any, could explain the non-occurrence of the reflexions from (110), 
(200), (220), (310), (420) and (440) ? Each of the five arrangements 16-20 was 
tested separately. 


Table V.—Value of S for D Atoms with Various Parameter Values. 


Typical D atom. 

411. 

330. 

110. 

200. 

220. 

420, 

*• A it ^ 

+6-8+f(0)* 

-60 

—80 

+21-6 

1“ 16-2 

+6-5 

ii. ^ t 0 

4‘12'64><(0) 

-0*4 

-6-0 

+13-4 

h5-o( 

-2-4 

-6-0 

iii. 1 1 0 

+lS-2+i(0) 

+16-2 

-7-2 

+ 8-0 

0 

-8 

iv. * 1 0 . 

+6-2+<(0) 

+ 1S-2 


+2-4 

-6-o{ 

-13-7 

+6-7 

V. A A 0 . 

+0.8+»(0) 

+21.8 

-6-0 

-3-2 

-7*2 ^ 

-6-7 

Vi. t * * 

+ 10-4-f»(4*0) 

+8-4 

-e-4 

+5-« 

0 

-5-7 

vii. * 1 * 

+2-8-t<(7A) 

-MO-2 

-5-8 

0 

-4.0{ 

—6-7 

+6-7 

vitt. 4 A A . 

0+»(12.4) 

-I-12-4 

-44 

-6-0 

-4-0 ^ 


i*. A A i 

-0.8+t’(l0.4) 

-4-4 

-3-2 

-U-2 

+4-0 

+«-7 

X. A i A 

-2.8+<(10.4) 

-f-2-8 

-2-8 

-8 

-4o/ 

+6-7 

-6-7 

xi. A A A 

0+i(6.8) 

-a-8 

-1-2 

-6-6 

-4-0^ 


xii. A J A 

+2.8+.-(7-4) 

-4-6 

+ 0-2 

0 

-4o| 

-6*7 

+6-7 

xiii. AAA 

0+t(6<8) 

-l-S-8 

+1-2 

+6-6 

-4-0^ 

0 

xiv. i A A 

+8.8+»(6'0) 

+ 1-2 


+3-2 

-3-2 

+6-7 

XT. 1 A A 

-6.8|.i<4'2) 

+6-4 

wm 

+ 11-2 

+4-0 

-5-7 


* The value for (411) oontaSxui, in general, both cosine and sine terma (i =» >/—1), 


Arrangement 16.—In this case the atoms are so placed that a very large 
reflexion from (330) and (411) is an impossibility, so that no further consideration 
is required. 
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Xfrangmmd 17 - -Th(* contribution of the M A, B, C aiul X atoms to the 
B.A. of (200) is positive for all values of «, 6, c. Hence the contribution of the 
1) atoms to the structure amplitude of (200) should be negative. Table V 
shows that only five sets of parameter values answer this condition, namely, 
(V), (VTII), (IX), (X) or (XI). In each of these five cases, a large value of 
(330) and (411) combined with small values for the. (daucs (200), (220), (420) 
and (440) is obtained only for a ^ \ approx., c = i approx. (420) and (440) 
also restrict b to the neighl)ourhood of so that all the parameter values are 
approximately fixed. However, with 1) atoms having the values (V), (V"1II) 
or (IX), the structure amplitudes of (110) and (310) are (juite large. The only 
way to get small values for thoj^e reflexions is to put fc — j, which would give 
large values for (420) and (440). Values (X) and (XI) both give fairly satis¬ 
factory agreements for (110) and (310), but (211) is much too large in proportion 
to the values of (330) and (411). Table VI shows figures for the best set of 
parameter values, but clearly there is no sign of any eoTTes{)ondence in the 
intensity values. 


Tabic VI.—NS^/(/r + /r + P) for Arrangement 17, with the best i)osaible 

Faramoter Values. 




Paramotcr VuIuoh of 1) 

• 

1 * 


ObBorvotl Ueiloxinn. 

hki. 


1 

1 






V. 

' Vlll. 

i 

IX. j 

X. 

\1. 

Powder 

Photogram. 

Precuiun 

IMiotogram. 

110 

l.’l 

7 

4 1 

:i 

1 

aljAcut 


aoo 

4 

2 

0 ! 

1 

2 

nbiM'nt 

— 

21) 1 

1 


- ( 

« 

1 15 

abtiont 

weak. 

220 1 

1 1 

i 0 

12 1 

0 

0 

abi4<‘at 

weak. 

310 

a 

i 

9 ! 

2-5 

1 0 

abH**nt 

\ery weak. 

330\ 

411/ 

70 

\ 

15 1 

24 i 

i 

very .strong 

very strong. 

420 

0 

i 1 

7 1 

4 

‘ 1 

abacitt 

absent. 

332 

. 


1 

i 

! 1 

1 Htroiig 

rttnmg. 

440 

1 

1 

i _ _ 1 

1 1 

1 

I 1 

1 

1 tilment 

alment. 


Armngefneni 18.—Similar reasons limit the j>ossible parameter values to 
(V), (VIII), (IX), (X) or (XI). Again the values of a and o must be approxi- 
mately }. This would mean two sets of c atoms with the same co-ordinates, and 
is therefore quite impossible. Varying the values of c would produce large 
reflexions where nothing in visible. 

Arrangement 19.—The iiarameter values ft = J, a = J give the smallest 
reflexions for (220), (420) simultaneously, but in each case the contribution of 

2 H 


VOL. eXV,—A. 
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the A, B and Y atoms is strongly positive. Consequently only those values of 
the D parameters which give negative contributions in both cases are possible. 
Only case (Y) answers this requirement. However, this is not consistent with 
a small reflexion from (310). In short no set of parameter values gives a fit 
for all three reflexions simultaneously. 

Arrangement 20.—^As with arrangement 19, and for the same reasons, only 
case (V) is possible. A certain measure of agreement is obtained for a — 
However, (211) is far too large whilst (332) is much too small. These 
parameter values are therefore far from satisfactory. It is however not possible 
to get a better agreement. Table VII shows the best agreement which is 
possible for this arrangement. Clearly, it is still a long way removed from the 
correct stxncture. 


Table VIT.—NS*/(A*+ A®+i*) for Arrangement 20, D atoms having 
Parameter Values (v). 


1 

hkl. 

NS*/(**+ 

Observed 'B 

powder 

Photogram, 

deflexion. 

Preoision 

Photogram. 

110 

4-7 

absent 

absent. 

200 

0 

absent 

absent. 

211 

6-2 

absent 

weak. 

220 

0*8 

absent 

weak. 

310 

1*0 

absent 

very weak. 

222 

0-4 

absent 

w^. 

411 \ 

330/ 

116 

vciy strong 

very strong. 

420 

2*8 

absent 

absent. 

332 

0*0 

strong 

strong. 

440 

2*3 

absent 

absent. 


The above analysis shows that none of the anangements 1-20 can satis¬ 
factorily account for the observed intensities, Wc are therefore forced to the 
conclusion that the structure of manganese must correspond to arrangement 21. 

7. Determination of the Parameters. 

The analysis of section 6 has left only one possible arrangement for the 
manganese atoms. The determination of the parameter values, of which there 
ore 7, is a somewhat lengthy process but may be summarised briefly as follows. 
The contribution of the various atoms must be adjusted to give extremdty 
email reflexions for a number of planes, whilst giving a very large reflexion to 
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(330) aad(411). Tho parameter values which satisfy this condition are, following 
the notation of Table V, limited to the following possibilities. Of the two 
sets of D atoms, one must have parameter value III, V, VI, VII or VIII and 
the other values XIII, XIV, or XV< Tho valms of the A. parameter is 
necessarily about J, The possible values of the D parameters arc <all very much 
alike. The mean of all tho above values for the Dj atoms is .r i ==: 0 • 34, :yi = 0 • 35, 

^ 0'04 and for the atoms — 0*31, = 0-OG, 0*00. A more 

exact evaluation of these parameters was attempted by trying the effect of a 
small variation in each of them in succession and so tinding which combiiLdtiou 
of parameters gave the best agreement with observation. It appears tliatthc 
most probable values of the D parameters are 0 * 356, -= 0 • 356, = 0 • 042, 

ajg— 0*278,^2— 0*189 ,22 — 0*189. The value of the A parameter is o = 0*317. 

The space group is either T® or T^^. No other space group could have atoms 
distributed even approximately in this way, and could not give agreement 
between the observed and calculated intensities. The only difference between 
the atomic positions in 1'® and T®^ is that the latter group requires two of the 
three parameter values of each D group to be equal. As far as we can tell, this 
is actually the case, and indicates that the space group is T®^, the crystal being 
therefore hemihedral. If there is any deformation which would lower the 
synunetry, it is so small that it scarcely affects the intensity values. It is 
unlikely that such a small effect would be revealed even if single crystals were 
available for the purpose of taking a Laue photograph. 

Description of the Stntctare. 

The structure of a-manganesc has 68 atoms jw>r unit coll with the following 
<;o-OTdiuates: 

2 X atoms (0 0 0) {J J 

8 A atoms (a a a) (a d a) (d a d) (d d a) \ fa, J+a) (H i ^ ^) 

(a—i f a) 

.24 Dj atoms (d i c) (d d e) (d d c) (d d e) 

(i+rf. 2+^) (A-d, 1+d, i-r) 

(d e d) (ded) (d e d) (d e d) 

i i+^) (i—i+^) ^ — 

(J — d, J + J —'d)_ 

{e d d) (e d d) (cd d) {e d d) 

i+^) (i—i + d) 

(1 + J 
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21 D, atoms (fgg) (fgg) (fgg) (fgg) 

(i +/. i 1- 1 + 9) (H/>i -- 9- i 9) a -/. i + y. i -9) 

(99f) i99f) {99f) (99 0 

+ 9^l+f)(k—9-l~9A ! /)(i i 2 2 - /) 

(i --S', a ^ 9>J —f) 

{9f9)(i/f9)(9j9)(9f9) 

(J f S. h+f> 2 1 9) (J- S. 2 -t /. 2 - 9) (i —9’ 2 / i r.'/) 

The values of the five parameters are- 

a--=-0-3l7. / 00S». 

d = 0*35e. </ —0-27s. 

e — O-O-lu- 

The .s])ace group is apparently T^^. 

'I'he structure of manganese is depicted in fig. 1. The simplest conception of 
the structure is obtained by regarding it in the following way. The basis of 



X atom O A atoms O 

Oj atoms 9 D( atoms 0 


Fio. 1.—The etructnte of a-Manganese. 


the whole arrangement is one single body-centred cubic lattice, but each lattice 
point is represented by a cluster of 29 atoms. One such cluster is shown in 
the figure, surrounding the central atom of die unit cube. The structure being 
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body centicd there are corresponding cIiusterB of atoms around the corners of 
the cube, but it would be too confusing to attempt to insert these in the iigure. 
One point must be cmphasisetl. Thefwj dusters of atoniH are in no way eheniieal 
molecules or even groups. An atom is no mon* related to the other uU^ms 
within the cluster than t(j neighbouring atoms outside the cluster. The cluster 
is in fact a mere geometri<;al conception, serving as an aid to the imagination. 

Atoms of four different tyjies are shown in the drawing. At the centre lii*s 
a single atom X. This is surrounded by a framework of atoms These 
atoms are arranged in such a way that they build up an octahedron in which 
opposite faces are of different sizes so that the symmetry is tetrahedral. A 
little further out arc four A atoms arranged tetrahedrally around the centre. 
Lastly, the twelve Dj atoms build up a polyluidron with cubic and octahedral 
faces, the latter being of tw^o different sizes. The whole cluster of atoms has 
therefore t^'trahedral symmetry, which is also the symmetry of the crystal 
taken as a whole. 

The structure (*ontaifis atoms of four different kinds. In each unit cell 
there are 2 X atoms, 8 A atoms, 21 I), atoms and 24 Dg atoms, makii^ 68 in all. 


Table VI11.—Interatomic Distances of a-Manganese. 



I), atOTOH. 


1 

1 Dj 

No. of 1 
Noighbouni. | 

Tym of 1 

Nnighbrnini. 1 

Diatanre 

No. of 
Noigbbouni. 

1 

Type of 
Neighbours. 

Duiaaot^ 

1 

1 

I 

2-24 

1 


2-45 

2 

; iL 

2-38 

I 

A 

2'49 

I 


2-40 

2 

»i 

2 61 

2 


2*61 

2 

i>. 

2-66 

2 

t>i 

2*66 

6 

Di 

2-67 

2 

A 

2-69 

1 

A 

2-96 

1 

X 

2*71 




1 

A 

j 2 89 


1 

i 


X atoms. 

1 

B atoms. 

No. of 
Neighboun. 

Typo of 
Neighboum. 

Oietance. 1 

No. of 
iVeigh1x>urs. 

Typo of 
Nelghboon. 

llistaaoe. 

1 

12 

l>i 

1 

2*71 

3 

D. 

2-49 

4 ! 

A 

2 82 

3 

I>, 

2*89 




1 

X 

2*82 




3 


2-89 




3 

». 

SM 
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1'ho atoms of the various types differ with respect to the relative position of 
their neighbouring atoms as Table VIII above shows. 

Figs. 2 and 3 represent sections of the unit cell drawn through the centre 
parallel to (100) and (110) respectively. Tn order to give a concrete picture 



Fiq. 2.—a Section through the Structure of 
a-Manganeso parallel to (110). 



Fio. 3.—A Section through 
the Structure of «-Manga- 
ncse parallel to (100). 


of the structure the atoms are refuesented as spheres of radius 2*5 A, This is 
of course a very approximate representation of the atomic packing as many of 
the interatomic distances vary considerably from this amount, being different 
in different directions around each atom. This fact is shown particularly by 
the D 2 atoms which must be represented as being slightly truncated in order 
to fit them together. They occupy decidedly less room than the other atoms 
in the structure. The X atoms on the other hand occupy a larger volume. 
This is clearly sho^vn iu fig. 2, the central atom being separated from its nearest 
neighbours. These differences in atomic dimensions must be closely related to 
the complex nature of the structure. They may perhaps bo explained by 
supposing that the electrons arc not shared equally between the different atoms, 
so that some have a surplus and some a deficit of electrons. This implies the 
existence of something more akin to a compound than to a true element in the 
oc-manganese structure. The best analogy to such a stnioture would be found 
in the alloys, the structure of y-brass*! (CusZng) in particular being strikingly 
like that of manganese. 


* A. Westgron and G. Phragmdn, ‘ PhiL vol. 50, p. 311 (1026). 
t A J. Bradl^ and J. ThewUs, * Roy. 800 . Proo.,* A 113» p< 078 
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Sumimry. 

(1) The straoture of a-mangaoese has been deduced from the data of Westgrea 
and Phiagm4n, who had shown that it was cubic, the lattice dimensions being 
8-894 A. 

(2) «-]fonganese contains 58 atoms per unit cell. 

(3) The space group is There are four sets of equivalent positions, 
containing respectively 2, 8, 24 and 24 atoms. 

(4) The exact position of the atoms is defined by five parameters, which 
have been evaluated. 

(6) The structure is based on a single body centred cubic lattice but each 
lattice point is replaced by a cluster of atoms, with tetrahedral symmetry. 

(6) The interatomic distances range from 2-26 A to 2-95 A, indicating an 
unequal distribution of electrons between the various atoms. 

The authors express their thanks to Prof. W. L. Brag|;, F.B.S., for his kind 
interest and help in this investigation; to Dr. A. Westgren and Mr. Q. Phiagm4n 
for their kindness in making available their data; to Mr. A. P. M. Fleming, 
O.B.E., M.Sc. (Tech.), Director of Research of Metropolitan Vickers Electrical 
Co., Ltd., for permission to publish the results ; and to the Royal Commissioners 
of the Exhibition of 1851 for a scholamhip which enabled the work to be com¬ 
pleted. Thanks arc also due to the Board of Scientific and Industrial Research 
for a grant to one of us. 
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The Rusting of Sted Surfaces in Co^itact. 

By G. A. Tomlinson. 

(Communicated by Sir William Hardy, F.B.S.—Received May 28, 1927.) 

When two hard steel surfaces are subject to relative motion under some load, 
it is well known that after some time a brown stain is liable to form at the common 
siu'foce. A common example occurs in the case of a micrometer anvil operating 
on a spherical abutment, where it is periodically necessary to clean the surfaces 
iti contact, owing to a considerable reddish brown deposit having accumu¬ 
lated. 

In engineering w^ork the same phenomenon is found but in a more acute 
Form. When tw'o machined steel surfaces are held firmly in contact and at the 
same time arc subject to vibration, it is often found on taking them apart that 
the surfaces have become cemented together by the production of relatively 
large quantities of oxide, and the individual surfaces are badly pitted and have 
a corroded appearance. This action goes on, it should be noted, without 
relative motion of the surfaces, or more correctly, without relative motion of 
ordinarily measurable amounts, a question which is taken up later. 

Oiling of the surfaces before assembly certainly does not prevent this effect, 
and there is little direct evidence as to whether it is beneficial to a limited 
extent or not at all. 

This effect becomes of importance in any machine which has to be frequently 
rc-OBsembled as it may be found that highly finished ground surfaces of certain 
parts are seriously deteriorated by the action described. 

The phenomenon was mentioned by Eden, Rose and Cunningham* who 
suggested that it was associated with the application of alternating stress. 
After this, in an editorial article in the * Engineer,’f followed by a discussion 
in the correspondence columns, the subject was taken up more fully. Various 
explanations of the rusting were suggested including the adsorptLon of moisture, 
electrolysis and intense surface heating. Since this time, although the effect 
has become of more frequent occurrence with the development of hi^-spoed 
machines, the writer has found no further references to the possible cause. 

In order to discover the cause of the rusting which occurs under the circum¬ 
stances described, a series of experiments were mode involving a plane surface, 

« * Pm. Inst. Meoh. Eng./ p. 875 (1911). 
t * Engineer * (Nov. 24th, 1911). 
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^nd & spherical surface in relative motion at their rommon point of contact, 
the motion in some cases V>emjki; a rotation abo\it the eomnu)n normal and in 
others a tangential sliding motion. 

In the rotation experiments a bar of wood was pivoterl on the sphere winch 
rested on a slip gauge. The bar carried a muss at <'aeh end below the level of 
the sphere, so that the centre of gravity was well below the point of support. 
The whole was set in rotation by a magnetic* couple. After a few revolutions 
the plane surface w'as examined under a metallurgiral mjcrosrope. A typical 
experiment is described below * 

-^-inch Hoffmann liall on a lap])ed slip gauge, both of hsinleiied steel. 

Surfaces mechanically cleaned. 

Load: 13 ozs. Mean intensity of pre.s.surc 223,(XM) lbs. pei sq. in. 

Number of revolutions about 8. 

Afterwards a minute brownish patch could be seen witli the naked eye, whicli 
tinder the microscope showed considerable oxidation debris having bright 
reddish and brown colours. In a number of places the debris has the appear¬ 
ance of having lieen spread into a film by the motion and pressure, these places 
having a bright blue* or green tint surrounded by a dark brown border. The* 
patch of oxidation is fairly permanent and cannot be rubbed off wdth a cloth, 
A photograph of this pjirticular result is shown lu fig I. 


Fw. I 


(X4o()) 
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A single passage of one surface over the other is sufficient to produce a track 
of oxidation debris that is plainly visible. This is in fact clear from fig. 1 in 
which the rotating ball has by chance progressed slightly. At one end of the 
elongated patch there is a rough spiral form showing single passages of the one 
surface over the other. 

Two important factors, the effect of which has been examined in various 
experiments, arc' the pressure between the surfaces and the condition of the 
surfaces. 

It was not poasible with the rotating bar to ol)iain very low pressures and 
this method was therefore given up in favour of a tangential sliding motion 
of th(' sphere over the plane. Sometimes a rotating plate has been used with 
the sphere stationary at the end of a balanced lever to which any required 
load could be added. In this case the relative motion occurs in small circles. 
With another form of apparatus the plate is fixed and the sphere, again carried 
by a weighted lever on pivots, is moved to and fro through a short distance. 

In the earlier experiments, the steel slip was lapped and the surfaces were 
merely mechanically cleaned. Later, only surfaces highly polished on wet 
chamois leather with chromium oxichi were used, and when clean surfaces were 
required they were washed with an alcohobethei-ammonia cleaning mixture* 

Ifrom a considerable niunber of different experiments, a few significant cases 
have been selected and tlicse are shown for convenience in tabular form in 
Table I. 

Tn experiment A no rusting was produce<l and as the surfaces were only 
cleaned in a mechanical way by careful wiping, it is most probable that a per¬ 
sistent primary film remained and completely separated the metal surfaces. 
In the experiment cited above in which copious oxidation was produced the 
mean contact pressure was over seven times as high as in A, suggesting that in 
this case the stress was more than the film could support without rupture. 

Experiment D is of considerable interest. A load of only 0*23 grammes on 
a comparatively large sphere was found to produce the typical oxidation debria 
to quite a marked extent when the surfaces were well washed with the cleaning 
fluid and the primary film was presumably removed. This experiment disposes 
of one possible explanation of the rusting which might be suggested by ordinary 
observation of the phenomenon as it occurs in practice when lapped surfaces 
are found to rust on being rubbed together. This explanation is that the 
surfaces, which on a minute scale are completely scored by the lapping abrasive, 
are crushed together under a heavy normal stress and a fine powder is thus 
produced by a mutual grinding action, the powder oxidising to form the well- 
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i Diameter 


Mean 




Nature of sutfacen. 

of 

Load. 

intensity of 

Motion applied. 

Result. 



sphere. 


pressure. 

1 

1 

1 

i 

uichos. 

gms. 

lbs. per sq. in. 



A 

New Hoffmann ball on 

0 344 

25 

30,000 

Kotation about com- 

No visible effect. 


lapped Blip. Cleaned 
meohamoaily 

1 


luon normal 



B 

Hoffmann bnJl on aeft 


213 

61,000 

Do. 

Surface much torn up. 


steel plate. Cleaned 





but no oxidation 


meohanically 





colour to lie soon. 

c 1 

Hoffmann ball on lapped 

0 032:1 

368 

364,000 

No motion. I^uad 

No effect. 


hard steel. Cleaned 
meohanically 



loft on for 40 hours 



D 

Hoffmann ball highly 

0 460 

0-23 

5,000 

To and fra about KK) 

Considerable brownish 


polished on hard steol 
highly polished. Sur- 



times 

debris, partly spread 
on the surface and 
partly swept up at 
the ends of the 
track. The Utter 
could be wiped aw uy» 


faces cleaned chemi¬ 
cally 

Two polished Hoffmann 

K 

Oil 

180 

106,000 

Pure rulling to and 

No effect. 


bails on polished hard 
steel. Cleaned chemi¬ 
cally 

Fusea glass sphere on 


per ball 


fro. 8,000 com¬ 
plete oKCillations 


F 

o-2ri 

4 6 

12,.500 

To and fro about 100 

CoiiHiderablo amount 


polished steel, Cleaned 
ohemioally 



times 

I of oxidation residue 
of reddish oolour. 
Cannot bo removed 

1 


0 

Polished stoUilc sphere 

0 16 

12 3 

40,000 

Tangential motion in 

by repeated wiping. 
Typical brown Ahris 


on polished hM. | 



(approx) 

small circles 

produced. Visible 

1 

Cleaned obomically , 




with the naked eye. 

H 

Polished agate sphei'c 

0 16 

2 3 


To and fio about 150 

C*onHidcrablo oxida¬ 


on polished steel. 
Gleaned chemically 




times 

tion produced. 

J 

Polished steel spheie on 

ou 

12 3 

43,WK> 

Tangential motion in 

No effect. 


mlishod steel. Sur¬ 
face smeared with 
vaseline 




small Circles 


X 

1)0, flo. 

ou 

no 

0O,0CK) 

l)f>. 

; Marked niigs of brown 







oxidation produced 







which arc permanent 
after wiping off the 







vaseline. 

L 

Polished steel sphere on 

U-46il 

365 


To and fro motion .... 

t Tsnal oxidation debrit 


polished steel. Sur¬ 
face smeared with 





, produced but not 
continuous along the 


castor oil 





u hole track, mostly 
at oneisoUt^pUoe. 

H 

Bo. do. 

0 460 

456 

:fO,ooo 

Do. 

No oxidation visible. 


knovn stain. In this experiment the surfaces ore both highly polished and no 
soiatohes at all are visible under the miotoscope. The mean contact stress is 
only 5,000 lbs. per square inch whereas experiment C shows that similar .surfaces 
can bear a nonnal stress as high as 354,000 lbs. per square inch without any 
injury virible under the microscope. It thus seems most improbable that in 
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this case the oxidation is the result of any such coarse abrasive action between 
the surfaces. Kxperiment F also strongly confirms this view, as here the 
spherical surface is a fused bead which is comparable in texture with a fluid 
surface and certainly will have no promineuces such as are necessary for abrasion 
to take place. 

Experiment f’ shows that no oxulation occurs unless there is relative tangential 
motion of the surfaces, even under excessive intensity of normal stress. Hence 
the effect is not. <]ue to the local application of heavy pressure which might 
conceivably set up an electrolytic action. This is further confirmed by experi¬ 
ment B in which a motion of ]nire rolling was u.sed, again with a fairly heavy 
normal stress. This motion produces no oxidation. 

lixpcriinents P. (I and IT show that the same result follows from the sliding 
contact of gls.ss. stellite and agate, in all cases with comparatively small contact 
stresses. 

The most probable explanation ol the effect which suggest^i itself is that it 
is a result of molecular cohesion When two solids touch the forces between 
tlic molecules or at least some of the molecules are sufficiently high to cause the 
molecule to be fleta(jlied by a lateral movement. It seems certain that the force 
Ijctween two molecules whivh approach and rccech* normally is definitely smaller 
than the forces lioldmg either molecule to tlie solid. Experiment E in which 
the relative motion is always exactly normal to both surfaces shows this, and all 
experience with ball bearings proves that the rusting effect doe.s not occur with 
pure rolling. The nature of the bonds betwoon the molecules appears to be 
such that the cohesive force of a visiting molecule is quite insufficient to pluck 
the molecuk? out normally, but is sufficient to detach it from the solid when 
applied tangentially. I'his suggests the view that the boundary molecules, by 
virtue of their imsymmetrical position, have a considerable degree of orientation, 
so that an external tangential force is able to disturb the initial equilibrium 
so much that individual moh^niles as distinct from finite particles can b('. 
wrenched away. To uw' a crude analogy, a tooth is more easily uprooted by a 
side pull than by a normal pull. The molecules so detached combine very 
quickly with oxygen molecules from the atmosphere. 

It is not easy to obtain any direct experimental evidence that molecular 
cohesion takes place, although strong molecular forces would bo expected when 
the boundaries of two solids are brought together within the range of the 
molecular fields. That molecular cohesion occurs when two clean solids touch 
seems to be certain. Sir W. Hardy has expressed the opinion that the static 
friction between clean surfaces is due to cohesion. 
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The behaviour of ^lass is iuterosting, as glass appears to possess a greater 
faculty for cohering than any other material examined, possibly owing to the 
comparative ease with which clean surfaces can be obtained. One simple 
experiment which is easily carried out is convincing that cohesion at once occurs 
in an actual contact. If a piece of plate glass and a fused glass bead at the end 
of a rod are both carefully cleaned, and the rod is poised lightly in the fingers 
and allowed to stroke the plate, there is felt to be a sequence of snatches as the 
bead welds on and l^reaks away repeatedly. If afterwards the plate is examined 
with a Ions it is seen tt) be scored wdth fine dotted lines wherever tlie bead ha.s 
touched it. oven with the lightest touch, fn the same experiment with hard 
steel surfaces the tactile sensation of welding is less marked, but if the plane 
surface is examined under the microscope the path followed by the ball is shown 
by a thin truck of reddish oxidation debris. 

The cohesive torc<‘ bctw'een glass surfaces can be seen in operation by another 
simple experiment. Two fine glass thri^ads are drawn out which immediately 
after drawing arc probably perfectly clean. If one thread is made to touch the 
other the cohesion force between them can be plainly observed by the deflection 
of the two threads. If one thread is fairly stiff it may even support the whole 
w'cight of the finer thread by cohesion. 

Two diHerent experiments have been made which lend some support to the 
above theory of the oxidation effect. Tlie experiments already described prove 
tliat with a tangential motion either molecules or grosser particles ore torn 
from the steel surface and arc very rapidly oxidised. If actual molecules arc 
detached it would be reasonable to expect this to occur with very minute 
tangential displacements. In the experiments to be described the characteristic 
rusting effect w'as found to occur after a very minute motion had been repeated 
a number of times, in the first experiment a spherical face was caused to make 
repeated contacts at the same place on a plane polished steel face. After a 
number of contacts the exact place was located by making a small grease spot 
at equal distances on each side, and the specimen was examined under the 
inicrosGox)C. 

The action produces the typical oxidation effect though to a much smaller 
extent than in the experiments in which there is considerable sliding. The 
effect, however, especially in view of the exact location of the place, is quite 
unmistakable. Steel, glass, stellite and agate all produce the result on steel. 

In these experiments there is most probably a minute lateral displacement as 
the load comes on to the sphere, due to the dastio bending of the apparatus. 
This dip must be very small though unfortunately it is not computable, but 
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it is sufficient on the view that molecules are torn away individually by cohesion 
forces. 

In the second experiment a known very small displacement was produced 
and repeated a large number of times. A Ught T-shaped frame of wood. A, was 
supported on three Hoffmann balls, B, C, and D (fig. 2) on slip gauges. The ball. 



Kiq. 2. 

B. and the plane surface on which it bears were highly polished, and practically 
the whole of the weight is adjusted by the counter weight, E, to be on this ball, 
the other balls having only just enough load to keep them in contact. By means 
of the rod, F, pivoted on a vertical spring steel strip, J, the frame can be given 
small angular oscillations about the centre of contact of ball B. The rod, F, 
oscillated between stops, 6, at one end while the other end is placed between two 
pin8,H, on the frame. These pins are at a distance of 10 inches from the ball 
B, and the amplitude of the angular oscillation can be found from the distance 
between the stops, G. The radius of the circle of contact can be calculated and 
hence the maximum linear displacement of the surfaces can be found. 

Jn a particular experiment the following values were used 


Load on the ball ... 113 grammes 

Diameter of ball . 0*03126 inches 

Radius of circle of contact. 0*00066 inches 

Displacement of frame at the pins . 0*0016 inches 

Total number of oscillations . 60,000 (approx.) 


Hence the displacement of the two surfaces at a radius 0*00055 inches is 
0'0016 X = 8*6 X 10“* inches. 

In the above experiment a small but definite amount of oxidation debris was 
afterwards observed at the place of contact. A large number of these minute 
oscillations must be made to produce a clearly visible effect. In this case, for 
example, about 21,000 oscillations give an aggregate motion equal to one 
revolution. Further, when the surfaces have a slight osoillatoi^ motion, there 
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'will be a tendency for them to become to some exttuit separated by the oxide 
which has not the same chance of being swept off and left )>ehind ns when the 
motion is continuous. 

Two further experiments wore made in which the amplitudes of the motion 
were 6*6 X 10“* inches and 3*6 X inches. In the latter case a thorough 
search showed no visible trace of oxidation. With the intermediate amplitude, 
after some searching, a slight surface discolouration was detected, so slight 
compared with the result obtained with the larger amplitude, that the opinion 
formed that it was oxidation may be wrong. We may, therefore, say that 
with a maximum relative motion of 6*5 X 10“*® inches, the detaching of mol<‘- 
culcs is practically arrested. There is thus experimental evidence that there 
is a certain magnitude of relative motion below which the molecules may bo 
disturbed and yet return to their original configuration. With a greater motion 
some, at least, are not able to recover their stable position. 

It is a point of great interest that the value of this critical displacement is 
near the value of the radius of molecuhir attraction, found to be 8 X 10’® inches 
by Jobonott and by Chamberlain independently, from observation of the 
minimum thickness of a liquid film. The radius of attraction is of the same 
order for molecules of widely different molecular weights, and there is no reason 
to suppose that the molecular field is materially different in the liquid and solid 
states. 

These results also make it clear how copious rusting may occur at certain 
•contact surfaces in high-speed machines, although apparently the surfaces are 
secured rigidly together. Actually there is most probably a minute to and fro 
motion occurring as the rust is invariably found associated with vibration. With 
high frequency vibration the aggregate motion per hour may be considerable, 
hence the large accumulation of oxide found after a IcLgth of time. 

The experiments which have been described not only support the theory that 
the rusting is a consequence of molecular cohesion, but they also afford evidence 
whicli is contrary to certain other suggested explanations. 

If we consider, first, electrolysis in the stressed material, this should occur 
iireapectivo of any motion of the surfaces, whereas tangential motion was found 
to be necessary. Further, electrolysis requires an appreciable time, and it was 
found that a single quick passage of one surface over the other produced rust. 
Similar arguments apply against the view that the rusting is a result of an 
4 ulsorhed film of moisture. 

The possibility of local heating to a high temperature needs a little more 
•consideration. Cases may no doubt occur in which the heat generated can only 
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be diifused by corubictioii into the body of the metal by a large temperature^ 
gradient at the contact surface. Polishing affords a somewhat analogous 
case, and it is considered by some that polishing is due to surface fusion.* 
however, we consulor the experiment in w^hieh rusting was produced by small 
oscillations, it appears to be impossible that any very appreciable temperature 
rise coidd have occurred. The rate of loss of energy can be calculated fairly 
accurately, and, in this ex])<Timeut, it amounts to about 542 ergs in a period of 
330 minutes from which the rate of generation of heat is 6*5 X calories per 
second. 

The radius of the circle of contact is 0*00055 inch, and assuming that all the 
h(Mit gcnerat<*d must pass from this contact area by conduction, the necessary 
temperature gradient normal to the contact, surface is l omputed to be approxi 
mately 0 • 001"^ C. per centimetre. Hence, only a very minute rise of temperature 
(yin be possible, and it may be concluded that the rusting effect is not dependent 
on the production of a high surface temperature. 

[n the last four expcriiuents given in Table I the surfaces were covered with 
a smear of vaseline or castor oil. In each case oxidation did not occur with 
comparatively low normal stre^ss, and did occur when the stresses were higher. 
A film of great mechanical strength separated the surfaces and prevented mole- 
(‘uiar approach of the solids, but there is a limit to the strength of such a film, 
and u sufficiently high normal stress at the cKintact of the sphere and plane was 
able to rupture the film. Tliis is of practical imi^ortance as in actual apparatus 
the film is most probably j)rescnt, and, therefore, the conditions governing the 
stability of the film were studied in more detail. 

For this purpose glass surfaces appeared to be the most suitable for 
several reasons. In the first place to use the oxidation effect on steel would 
be a very slow method. The work of Sir W. B. Hardy has shown that the 
static friction of the contact would afford a much more convenient indication 
of the condition of the film, and this method was employed. The coefficient of 
friction between a fused glass sphere and a glass plate flooded with castor oil 
was measured over a considerable range of normal stress Hardy has given the 
coefficient of friction of clean dry glass as 0*94, and when lubricated with castor 
oil as 0*1. Glass is thuss|)ccially suitable, as rupture of the film permitting a 
partial cohesion of the solids would be expected to be followed by a decided 
increase in the coefficient. Further, with glass the ideal smooth spherical 
surface can be more nearly attained by fusion. 

IVhcn steel is used there is reason to believe that the minute prominences left 
* ' Nature/ September 4,1926, e< aeq. 
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evon nftor jjolisliing may give rise to local stresses higher than the theoretical 
niaxinium us caleulati'd from the Hertz equation, t'ertain results obtained using 
steel suggest that this is the case. 

The results found with glass surfaces and castor oil arc shown plotted in fig, 
3, every point being a single observation. The cocifieient of friction has been 



Mean Contact stress - lbs per $q inch 
Fici. 3. 


plotted with the mean normal stress found by calculating the radius of the 
circle of contact. In a few cases two observations coincide, and in order to show 
both on the diagram they have been placed plotted thus — • the left hand point 
being placed at the correct stress. 

The first point of interest is that there is a critical stress intensity of about 
66,IKK) lbs. per square incli at which the film appears to suffer rupture. Below 
this stress nearly all the observed values of the coefficient fall between limits 0*09 
and O'll, the mean being closely 0*10. With higher stresses a clear majority 
of the points lie well above 0*11. A few points, from 66,000 to 76,000, still 
lie between 0'10 and 0*11, but above this the coefficient is clearly much higher. 
Above the critical stress the values obtained are far more erratic. Thus, for 
example, eight observations at a mean stress of 95,0(X) cover a range from 0 • 109 
to 0*206. The inference is that the rupture of the film is in irregular patches, 
the form and size of which vary widely in different experiments. The film 
probably does not vanish completely over a central circular area where the 
intensity of pressure exceeds a critical value, as the thinnest films exhibit the 
characteristics of a solid rather than of a fluid. Most probably there are various 
VOL. cxv.— A, ' 2 I 
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places at which the distance between the solids is slightly smaller than the 
average distance, and it is at these points that the rupture commences. It is 
thus not necessary to suppose that a certain load which involves a mean stress 
of 96,000 is supported in any definite proportion by the molecules of the fluid 
and of the solid. The fluid film, where the solid boundary surfaces are very 
parallel, is probably capable of withstanding much greater stresses than the 
mean stress over the area. Hence the actual observed value 0*109 of the 
coefficient in one case with a mean stress of 96,000. It should be mentioned 
that a fresh portion of both the surfaces was used in every experiment, as the 
surface is injured locally when cohesion occurs between the solids. 

It would not be sate to assume that the film offers the same resistance to 
rupture when bounded by hard steel surfaces. The limiting film is in a peculiar 
physical condition as shown by its ability to withstand high normal stress, and 
there are likely to be strong molecular interactions between the solid and the 
fluid, Hence a different behaviour with steel surfaces would not be surprising. 
On account of the greater pra(*.tical importance in the case of steel, a similar 
series of measurements was made using polished hard steel surfaces. The 
results arc shown in fig. 4, and indicate that the rupturing stress is actually much 
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the same as with glass. The results found with lower stresses than the critical 
value are rather more erratic, and it is thought that occasionally a certain degree 
of solid cohesion oconrs with stresses well below 66,000 lbs. per square inch for 
the reasons stated earlier in this section. In evidence of this, some experi¬ 
ments may he mentioned in which a smear of castor oil was used and the rupture 
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of the film was judged by a microscopic examination of the surface afterwards. 
It was found in certain cases with a stress as low as 30,000 that there had occurred 
some definite solid cohesion. 

The writer wishes to thank Sir William Hardy for the kind interest he has 
taken in the work described, and Sir Joseph Petavel and Mr. J. E. Sears for their 
encouragement and facilities for carrying out the exi>erimeuts at the National 
Physical Laboratory. 


A Note on the Specific Heat of the Hydrogen Molecule. 
By Davtt) M. Dbmntson, Ph.D., University of Michigan. 

, (Communicated by B. H, Fowler, P.R.8.—Beceivod Juno 3, 1927.) 


In a recent article F. Hund* has treated the problem of the specific heat of 
the hydrogen molecule on the basis of the wave mechanics. The total munber 
of rotational states are divided due to the homopolar character of the molecule 
into two groups, to the one of which belong wave functions S3nnmetrical in the 
two nuclei, and to the other wave ftmetions which are antis 3 nnmetrical in the 
nuclei. Hund has suggested that the presence of both groups in hydrogen may 
be accounted for by assuming that the nuclei possess a spin, in which case transi¬ 
tions between symmetrical or between antisymmctrical states will have their 
usual intensity but transitions between symmetrical and antisymmctrical states 
will be very weak, of the order of the coupling of the nuclear spina. He then 
writes the following expression for the rotational specific heat. 



'T*glogQ, 


Q = P [1 + + Dc-"' -f ...] + Sc'*" -h Tc-M- + (1) 

where o = and p is the ratio of the weights of the synunetrical group 

of states to the antisymmctrical group. Hund has found that he obtains a close 
agreement between (1) and the observed specific heat curve only when p has 
about the value 2, that is when the symmetrical states have twice the weight 
of the antisymmetrical. He farther obtains for this case I = 1*64 x 
gm. can.*, the moment of inertia of the H, molecule. 

These values for p and I are not in agreement with the observed features of 
the band spectra of Hg. A careful analysis of the far ultra-violet bands of 


* F. Hund, ‘ Z. L Fbjnik,' vol. 42, p. 03 (1027). 
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has been made by T. Hori* to whom I am greatly indebted for allowing me to 
see the manuscript of his work. Hori finds that the moment of inertia in the 
normal state has the value I = 4*67 X 10~", and that the transitions between 
antisymmctrical terms are about throe times as strong as tho corresponding 
transitions between symmetrical terms, that is p ~ He docs not find any 
lines corresponding to transitions between symmetrical and antisymmetrical 
terms. These values for ^ and I when set into (1) lead to a specific heat curve 
having a sharp and high maximum, in no way agreeing with the observed curve. 

It now suggests itself that the difficulties encountered in comparing these 
sets of data may lie in tho assumption that the 83 mimctrical and antis]rmmetrical 
terms can combine, an assumption which determined the form of (1). The 
coupling of tho nuclear spins with the spin of the molecule, which determines 
these transitions, will indeed be very small, much smaller than the coupling 
forces between the electronic spins and the orbits which give rise to the very 
weak transitions between ortho- and para-holinm. Let us make the assumption 
that tho time of transition l>ctwcen a state sjrmmctrical in tho rotation, and an 
antif^mmetrical state is very long compared with the time iit which the 
observations of tho specific heat are made, (n this case we have in effect two 
distinct gases, the one formed from the S3rmmetrical states with a specific heat 
C, and the other containing the antis 3 rmmctrical states with a specific heat 
Ca, where 

| = o*^logQ.. Q. = l + 6e-«' + 9c-«^+... 

* ( 2 ) 
log Qa. Qa = 3e-2' 4- 7e-«' + lie-*"' -f 


The final rotational specific heat of the mixture is 

q pC, + a 
R (l+p)R’ 


(3) 


where p is the proportion of symmetrical to antisymmetrical molecules. In 
Table I there is given a series of values of C,/R andCg/R computed for the 
argument or. 

It is evident that since Cf/B rises to a maximum of almut 1 '6 and CJR rises 
steadily to unity that p must have a value less than 1 if tho curve (V/R is to fit 
the experimental curve. The following method was used to determine p. 
The observed values for the specific h^t of H, os given by Euckemf Scheel and 


♦ T. Hori, ‘ Z. f. Phyaik’ (in prita). 
t A. Eiiekm. ‘ Preum. Akad. d. Wtw.,’ p. 141 (1912). 
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House,* Giucomini,! Briukworth+ aucl Partington and Hovvo§ were plotted 
against the tempcruture. An averaging curve was drawn through these points 
and this cui've was assumed to give the observed variation of the spccihe heat 
with temperature. A value (if p was selected and L\/R computed from (3) 
and for every point the value of T exp. was r(*ad off the observed curve, A 
column c^T^.,ip, was then constructed wdiich should consist of (?onstaut values if 
the computed curve agreed exactly with the observed curve. It was found that 
the best agreement occurred when p ^ a, that is when the autisymmetrical 
molecules are three times as numerous as the symmetrical ones. The values 
for Cf/ll for this case are giv<*u in the fourth column of the table, followed by 
a column for T,,„p and for<jT,.,jp, (Although it is not ^iossiblc to lix th«5 valuts of 
p exactly from the present data, it can be shown that p -- a fits the observed 
curve distinctly better than p -= 1/3*5 or p -- I/--7.) 

Taking the average of to be 85-5, we. may find the compiitcHl values 

for the temperature as given in the seventh column oi the table. The agree¬ 
ment between satisfactory, the greatest deviation (less 

than 4 per cent.) is within the limit of the cxperinieiital error. If oT =: 8.1 *5 
we find the moment of inertia of the hydrogen molecule to be 1 = 4 *64 x Id” 
gm. cm.^ ill substantial agreement with the moment of inertia found by Hori 
from band spectra data. 

In conclusion wc may say that by assuming that the symmetrical and anti- 
symmetrical rotational states of the hydrogen molecule do not combine during 

* K. School and H. House, * Ann. d. Pliys.,' vol. 40, p. 473 (1013). 
t F. A. Giacomint, ‘ Phil. Mag.,' vol. iiO, p. 140 (1023). 

{ J. H. Brinkworth. ‘ Koy. Soo. Pew,: A, vol. 107, p. 5i0 (1025), 

S J. B. Partington and A. B. Hove^ * Boy. Suo* Froo., At vol* 100. p. 286 (1025). 
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a time long compared witii the time of the experiment, wo obtain a epedfio 
heat curve which follows the observed curve to within the errors of observation, 
and that moreover the constants p and I are in good agreement with the values 
of these constants as found in the band spectrum of U 2 . 

[Added June 16,1927. —It may be pointed out that the ratio of 3 to 1 of the 
autisymmetrical and Bymmetri(!al modifications of hydrogen, as regards the 
rotation of the molecule, is just what is to be expected from a consideration of 
the equilibrium at ordinary temperatures if the nuclear spin is taken equal to 
that of the electron, and only the complete autisymmetrical solution of the 
Sohtodingcr wave equation allowed.* 

While it would not appear possible to produce only the one modification of 
the molecule by a combination of two hydrogen atoms since the heat of dis* 
sociation of U, is so much higher than the difiorence between the first rotational 
states, other experiments might be performed which would show the uou*uom- 
bining character of these two sets of rotational states and possibly even allow 
them to be separated. Indeed, the far ultra-violet absorption spectxum of llj, 
at low temperatures would show at once whether the molecules all go into the 
zero state of rotation or whether they remain in the zero and first rotational 
states in the ratio of 1 to 3 as is suggested in the present note.] 

1 wish to express my thanks to Mr. B. H. Fowler for much helpful criticism 
and to Prof. T. Uori for the opportunity of sedng the results of his work before 
their publication. I wish also to acknowledge with gratitude a stipend from 
the University of Michigan. 

* W. Hdaenbeig, * Z. f. Fhysik,’ vol. 41, p. 239 (1927), in partioular see p. 294. 
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Bakkrian Lecture. —A New Mass-Spectrogrc^h and the 
Whole Number Rule. 

By F. W. Aston, F.R.S. 

(Received June 16, 1927.) 

[Plats 8.] 

Introdwstion. 

The origmal mass-spectrograph was set up in the Cavendish Laboratory in 
1919. Its resolving power was sufficient to separate mass lines differing 
by about 1 in 130 and its accuracy of measurement was about 1 in 1000. These 
capabilities sufficed to determine with fair certainty the isotopic constitution 
of over 60 elements, and to demonstrate that, with the exception of hydrogen, 
the masses of all atoms could be expressed as integers on the scale O ~ 16 to 
one or two parts in one thousand. An account of these researches has already 
been published.* The instrument itself was not actually dismantled until 
Match, 1926, but some years before then it had been realised that for advance 
in two directions of fundamental importance, namely, the resolution of the 
nutss lines of the heavier elements and the measurement of the divergences 
from the whole number rule, a considerably more powerful instrument would be 
requited. The Department of Scientific and Industrial Research, to whom I 
should like now to express my thanks, provided a liberal grant to defray 
the eiqienses of construction, and preliminary work on the instrument was 
conunenced in 1921, The application of the method of accelerated anode rays 
led to an unexpected lengthening of the useful life of the origmal apparatus 
so that it was considered best to hold up construction of the new one in order 
that the final design might have the advantage of afl accumulated experience. 
In the meanwhile one of its objects, the measuimnent of the divergences from 
the whole number rule, had been attacked by Costaf in Paris, using a mass- 
spectrograjdi of his own design capable of an accuracy of 1 in 3000. This 
admirable piece of work wiU be referred to later. The accurate determination 
of tiieee divergences is of fundamental importance since it is one of the few 
avenues by which the problem of the structure of the nuclei of atoms can Iw 

* F. W. Aston. ‘ Phil. Mag.,’ voL 49, p. 1192 (1926); alM> ‘ Isotopes,’ 2iid edn., Arnold. 
lAMidon, 1924. 

t J. L. Oosto, ’ Ann. Physique,’ vol. 4, p. 426 (1926). 

TOL.OXV.—A. 2 h 
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approached, and it was worth making every effort to push the accuracy of 
analysis to its extreme limit. It was finally decided that the increase of resolu¬ 
tion could best be obtained by doubling the angles of electric and magnetic 
deflection, and sharpening the lines by the use of finer slits placed further apart, 
in addition special methods were considered for the necessary increase of 
accuracy in measurement. After numerous setbacks all these objects have been 
successfully carried out. The new instrument has five times the resolving power 
of the old one, far more than sufficient to separate the mass lines of the heaviest 
element known. Its accuracy is 1 in 10,000 which is just sufficient to give rough 
first order values of the divergences from whole numbers. 

Apparalw. 

The general appearance of the new instrument can be gathered from the 
photograph reproduced in fig. 1 and the details of its construction from the 


Fio. L 

diagram, fig. 2, which is drawn approximately to scale. The large magnet 
was made by Messrs. W. 6. Pye and Co., of Cambridge, who also carried out 
the difficult task of constructing the metal parts of the instrument. No' 
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detailed drawings were available since the design of some portions could only 
be decided upon after others had been actually made, thus the be-st form of the 



camera could only be arrived at by actual experiment with the rest of the 
apparatus in the laboratory. The excellence of the workmanship can be judged 
by the fact that the long ground joint by which the plate is moved after every 
exposure has been under full atmospheric pressure practically continuously 
for two years without even regreasing, and still shows no sign either of leak or 
tendency to stick. 

The Discharge Tvhe .—Two types of discharge tube were employed during 
the preliminary work, the large bulb as tised before, and a long cylinder with a 
tapered end of the form advocated by Wien and others. Conclusions as to the 
relative merits of these will doubtless be of interest to others working in this 
held. The bulb type was adopted in the early work on positive rays in the 
Cavendish Laboratory because it enabled the discharge to pass at the lowest 
pressures. This was of the first importance at a time when large ‘‘ canal 
tubes were used and no meansi or only inadequate means, were available for 
reducing the pressure in the camera below that in the discharge. Nowadays 
the use of extremely fine apertures and improved means of maintaining high 
vacua have removed some of the objections to the higher discharge pressure in 
cylinders, and Wien claims that these are overwhelmingly superior to bulbs 
when the total quantity of rays passing through a small aperture at the centre 
of the cathode is measured. My own experience agrees with these measurements 
so for as they ore concerned with the total quantity—as opposed to constitution— 
of the rays. I find that the bulb is in general inferior to the cylinder in this 
respect, but that if sufficient pains ore taken to get the cathode into the best 
position this inferiority is not nearly so marked as Wien’s figures su|gest. 
The cylindrical tube is easier to make and to fit. It needs less care in adjustment 
and can be exhausted much quicker. It was therefore used for all testing 

2 L 2 
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and preliniinary work and proved of the g^test value in providing bright 
hydrogen lines for visual observation on the Willemite screen. On the other 
hand the rays protluced by a cylindrical discharge tube have their energies 
concentrated into a very much smaller range than those from a bulb. In 
many experiments this is an advantage but in the type of measurement with 
which we are now concerned it is necessary to produce, at the same time, rays 
of energy ratio as high as 2 ; 1. Furthermore the rays from a cylinder appear 
almost devoid of those multiply charged particles which are absolutely necessary 
to establish and check accurate ratios of mass. For these reasons the bulb 
t 3 rpe was used in practically all the expraiments of high i»ecision. 

The concave cathode which is difficult to adjust, and also requires a special 
anticathode to dissipate the concentrated heat of its cathode rays, was replaced 
by one of the older convex type shown at C, fig. 2*, which though not so 
highly efficient is easy to adjust and has the merit of producing ra}rs with a 
large range of energies. With this type of cathode 1 m.a. at 40 k.v. can be 
used for an indefinite period without any artificial cooling of the glass walls 
being required. The system of evacuation of the discharge bulb and of admission 
of gas to it was exactly the same as before; the cathode and the wax joint 
behind it were kept cool by the circulation of water in the copper tube shown 
atG. 

The Slit System .—The two slits Si, St, which collimate Gie rays are of the 
same consixuction as before.f They are made as fine as possible consistent 
with reasonable exposures, the pair in use at present are about 0*02 mm. wide. 
Their distance apart is 20 cm., double that in the old instrument. They are 
mounted at the ends of a brass tube which also carries the cathode. This 
tube is supported at one end by its tip which fits accurately into a hole in the 
brass plate carrying the electric deflection s}rBtem, and at the other by a ground 
joint H as indicated. By merely removing the discharge tube it is thus possible 
to examine or change both slits. A bayonet fitting ensures the carrier tube 
coming into exactly the same position every time it is replaced. 

The Electric Fidd.—Vot the purpose in view it was desirable that this should 
be as efficient as posrible since the higher the potentials necessary to deflect 
the rays through the large angle, one-sixth of a radian, designed, the mote 
difficult they would bo to produce, to apply and to measure. The plates were, 
therefore, curved and placed very close together. They were machined out 
of brass. The acting surfaces were ground accurately to 30 cm. radius, 

* Sir J. J. Thomioii, '* Rays of Poaitive Eleotiioity,” Longuuuis, p. 80 (1021). 

t F. W. Aston, * Phil. Meg.,' vol. 88, p. 714 (1910). 
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1 cm. wide by 5 cm. long, and held 1*26 mm. apart by glass distance-pieces 
bearing on flats macbincd outside the curved faces. The lower earthed plate 3t 
was bolted to the outer disc of the special joint Z| in such a way as to be capable 
of small adjustments both up and down and in rotation. The upper plate .7^ 
was clamped rigidly to the lower one by insulated screws and could be raised 
to the required potential through the insulated lead L. By the removal of 
this and the breaking of the special joint Zj and the connections for supply 
and exhaust of the discharge bulb the whole of the electric system could be 
removed for examination or adjustment. It can be easily calculated from 
these dimensions that the ratio of the energy of the ray in volts to the 
potential applied to the plates causing deflection through one-sixth of a radian 
is 120 to 1. This means that 400 volts is sufficient to deal with 48 kilovolt rays, 
about the hardest ever used. The potentials were derived from a set of 
500 small accumulators built specially for the purpose. Very great care 
was given to the construction of these. They have been in use for five years 
and are charged twice a year only. After settling down they are remarkably 
constant. The change from day to day is barely perceptible, and there can 
be little doubt that the change in potential during the period of a single 
experiment is well under 1 in 10^ 

Special Jointi.- It is clear that for the purpose in view rigidity of a high 
order is imperative, and for this reason tiie body of the apparatus was made 
of wide thick-walled brass tube permanently soldered together wherever 
possible. Demountable joints must be provided, however, and in order to 
secure vacuum tightness and rigidity these require careful design and 
construction. Costa* used ground joints. The type of joint, Z^, Zs, shown 
I find very convenient. It is easier to construct than a ground joint, and is 
of wider scope. It consists of two brass discs of liberal diameter turned 
with a small projection on their faces which keeps them concentric when 
locked together. The discs must be so thick that a deep groove, the wider 
die better, can be cut away without endangering the mechanical strength 
of the rims which ate bolted together as shown. The mechanical strains are 
taken by the bolts while vacuum tightness is ensured by running a thin coat 
of soft Everett wax into the groove. When the joint is to be opened the seal 
is cracked cold, and when put together again it is usually only necessary to 
run a pea flame round the groove to ensure tightness. The most important 
point is for the bolts to be so far from the wax that they do not interfere with 
its accessibility to die flame or to the eye of the operator. 

* Loe. eit. 
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The quantity of the electric spectram of the allowed to pass into the 
camera was controlled by fixed and movable diaphragms K^, Kg exactly asi 
before. The latter is mounted in a long and accurately ground taper plug 
of brass. The lever turning the plug is provided with a scale so that the 
aperture of the diaphragm can be set with great accuracy. 

TAe Magnetic Field.- As before the instrument was built round its most 
massive member, the magnet. This w'as specially designed for the purpose. 
Its core was a ring of special magnet steel of rectangular cross section 15 cm. 
by 5 cm., with an external diameter of 46 cm. It was cut into three sections, 
a lower half and two upper quadrants. Between the upper ends of the latter 
a sector 5-2 cm. wide was removed to make place for the pole pieces of the 
mass-spectrograph. The three sections of the core were equipped with large 
brass end plates by which they could be bolted together. Since the principal 
object was to ensure an extremely constant field for considerable periods 
a minimum heating effect was desired both on account of this affecting the 
resistance of the windings and also the permeability of the core. This was 
obtained by winding the whole ring as lavishly as possible and so reducing 
to a minimum the watts per gram of copper necessary to produce a given 
field. By continuing the winding right up to the polo pieces a second valuable 
result is obtained, namely, the decrease of the stray field, the discharge is 
further protected from this by soft iron plates at 0. The three sections were, 
of course, wound separately. 225 lbs. of No. 14 D.C.C. wire were used, giving 
6,257 turns in all. The magnet was mounted in a strong wooden cradle. 
It weighed about 4} cwt. and was somewhat bulky, but its performance has 
been very satisfactory. 

The pole pieces form part of the walls of the mass-spectrograph itself into 
which they were soldered vacuum tight. Their rectangular outside section, 
indicated in the figure, registered with that of the core ring, and they were 
machined away smoothly so that the actual pole faces were of the greatly reduced 
sickle-shaped section shown at M. By suitable massive distance pieces these 
faces were held 3 mm. apart. At the point of entry of the bundle of rays small 
semi-circles were machined from the pole pieces in an attempt to achieve second 
order focussing,* but it is not yet certain whether any real advantage has been 
gained by this. 

The length of the path of the n.yn in this hig^y-concentrated field is about 
15 cm. The radius of curvature of the median ray is about 22*5 cm., so that 
the deflection of a singly-charged mercury atom with 30 kilovolts energy will 
* F. W. Aaton and R. H. Fowler. ‘ Phil. Mag.,* vol. 43, p. 523 (1022). 
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tequire a field of 16,700 gauss. On an actual test made by Messrs. Pye using 
the three windings in series with a total resistance of 17 *9 ohms, the following 
fignres were obtained :— 

Current .. .. 0*5 1*0 2*0 5*0 amperes 

Field .. .. 11,300 16.000 18,300 20,400 gauss 

It will be seen that to deflect reasonably hard rays of the heaviest elements 
through two-thirds of a radian requires only about 10 per cent, of the technical 
safe current of the wire used. Below 10,000 gauss the field is practically pro¬ 
portional to the current, making it a simple matter to calculate the value of the 
latter necessary to bring a known mass to any required point of the spectrum. 
The current for the magnet is derived from a set of large storage cells and 
controlled by resistances. Standard resistances and a potentiometer are 
available if it becomes necessary to control the constancy of the current over 
very long periods. So far this has not been necessary for the effect of any small 
creep in the value of the magnetic field is eliminated by the particular methods 
of measurement employed. 

The Camera.—The camera is made in two halves connected by a joint of the 
special kind described. The mechanism, not shown in the figure, for supporting 
the plate W, is mounted on the movable half so that it is only necessary to 
break one joint to enable any vertical adjustment to be made during the opera¬ 
tions of focussing. Horizontal movement of the plate parallel to itself is 
achieved as before through a vacuum tight plug, V. The plate itself is a slip 
2 cm. broad and 16 cm. long cut from a half-plate, and will easily accommodate 
six spectra. Paget half-tone plates have been used throughout the work. 
In a few Ixial cases these were Schumannised by the process already desmibed,* 
but their enhanced resolving effect is not necessary with the new instrument 
and their increased sensitivity is more than counterbalanced by lack of 
uniformity. 

A technical detail which has added greatly to the convenience of the operation 
of plate changing is the direct attachment of the plate glass window P to the 
tabular extension of the camera with Kverett wax instead of a greased ground 
joint as before. The circular plate of thick glass is ground at the edge so that 
it projects slightly into the tube which it fits. The shoulder butted against 
the tube takes the strain of atmospheric pressure, and the small quantity of wax 
necessary runs naturally into the outer right angle comer giving a perfect lute. 
When it is required to change the plate, after air has been admitted to the 

« F. W. Aston.' Proc. Csmb. PhU. Soc..’ vol. 22, p. M8 (1928). 
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camera, the wax joint is broken cold by a tap with a wooden pocket role. The 
plate is changed and the window replaced at once as exactly as possible. The 
wax is resealed by running a small gas flame round the joint. The flame itself 
supplies the light necessary for the operation which only requires a few seconds 
and can be repeated scores of times with the same wax. The arrangement of 
the Willemite screen Y and the lamp T for recording a fiducial spot on the plate 
are exactly as before. 

yaxiuiwm TefA/nique ,—The method of obtaining the extremely low pressure 
in the slit system and camera has also been improved in many details. Coco¬ 
nut charcoal is still employed and is contained in pyrex glass tubes attached 
to the apparatus at I 2 . Small electric furnaces, to be seen in the photo¬ 
graph, can be applied to these by which they can be kept at a definite tempera¬ 
ture of about 400® C. for outgassing purposes. After a new plate has been 
put in the apparatus is exhausted at once by the rotating Gaede pump down to 
about 0*01 mm. with the furnaces on. The heating current is then cut off 
and the pumping continued for a short time as the charcoal cools. The stopcock 
leading to the pump is now turned off and the apparatus left for the night. 
Next morning the pressure is usually so low that no discharge at all will pass 
through the 8-inch bulb. Liquid air is now applied to the charcoal tubes and 
2 to 4 hours allowed to elapse before gas is let into the bulb and the exposure 
started. No measurements of the pressure in the camera at this stage have 
been made, but it must be extremely small for perfectly sharp lines can be 
obtained although the rays travel about three-quarters of a metre before striking 
the plate. At the same time it looks as though the limit of the method is 
approached for a distinct falling off in sharpness is observed if stale liquid air 
is employed. 

Progress of the Research, 

It is not necessary to give the details of the lengthy process of fitting up the 
apparatus and adjusting the plate to the best focus. Except for one anomaly, 
the curvature of the slit images, which had never been satisfactorily accounted 
for in the first apparatus, and now appeared enormoudy exaggerated, progreu 
was as expected. Even before the best focus had been found the resolution 
was sufficient to settle the constitution of mercury. But after the final adjust¬ 
ments had been made and the plate roughly calibrated an entirely unexpected 
difficulty arose. 

The comparison of masses by the method of coincidence* depends on the 
theorem that if the magnetic field is kept constant and two mass spectra are 
* See “ iMtopes,’* Sod Edition, p. 59. 
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taken mth different electric fields, masses whoso ratio is the inverse ratio of the 
electric fields will give lines coinciding exactly. This theorem had been tested 
by means of the lines of the atom and molecule of hydrogen using the bracketing 
method on the original mass-spectrograph, and found to give results correct to 
the accuracy then attained. When the atomic and molecular lines of hydrogen 
were tested in this way on the new apparatus a discordance was observed not 
merely measurable but absurdly large, several parts in 1000. The search for 
the cause of this was both long and disheartening for it must be remembered 
that the results of the smallest alterations in the apparatus take at least a day, 
generally several days to test. After months of disappointing work the con¬ 
clusions reached were that the disturbing cause must be a charging up due to 
the impact of the rays, and its most probable location was the electric plates 
themselves. The fact that sharp lines could be obtained at all proved that 
it must have a steady maximum. Progress was at a complete impasse when 
Sir Ernest Rutherford kindly interested himself in the problem and suggested 
that an application of a rapidly reversed instead of a steady potential might show 
if the disturbing field took time to build up. By this means it was found that 
the cause was a polarisation of the surface of the plates which might take as 
long as 0 -06 sec, to rise to its maximum value. Drastic scrubbing with emery 
paper reduced the effect temporarily and also the curvature of the lines which 
is due to tile same cause, and the plates were later heavily gilded. With 
a dean gilded surface the effect was reduced to manageable proportions. 
Arrangements were now made to measure it with the highest accuracy possible. 
This was done by means of the hydrogen lines in the following manner. A 
special rotating contact breaker was made by which a voltage Y, then a second 
voltage V -f A slightly different, and, finally, the two in swies 2Y + h could be 
spidied rapidly over and over again. The length oi the exposures at the first 
two potentials, giving lines of the atom, relative to the third, giving the line of 
the molecule, could be controlled and were adjusted to give lines of eqiud 
intensity. A ratio of precisdy two to one should give three lines forming an 
exactly synunetrical bracket. This device eliminates the necessity of keeping 
the magnetic fidd absolutely constant since the electric fields cue changed so 
rapidly that snull changes will only lessen the sharpness of the lines and not alter 
theic tdative positions. It also makes it unnecessary to measure any potential 
at all so long as A is less than one per cent, of V. It is, in &ct, the exact counter¬ 
part of fiTn^ing the mid point of a line with a pair of dividers, and like this can, 
unfortnnatdy, be applied only to ratios of 2 to 1. Measured by this means and 
allowing for the electron correction, the polarisation effect, even with dean 



496 


F. W. Aston. 


gold surfaces, was found to be still as high as 5 x 10~*, much too high to be 
neglected. Experiments’ made while it was very much greater had, however, 
shown that it remained very constant so long as the conditions of discharge 
were not altered, so it was decided to eliminate it as far as possible by using 
the rays themselves to measure the ratios of the field strengths. 

Perfonnance of the Instrument. 

The general appearance of the mass-spectra obtained by means of the new 
instrument in its present adjustment is shown by the reproductions on Plate 8. 
The spectrum photographed is nearly 16 cm. long and includes slightly more 
than one octave of mass. As Spectrum VI clearly shows, the distribution is 
surprisingly linear all along. The dispersion scale varies from about 1 *5 mm. 
at the most deflected end, to rather more than 3 mm. at the least deflected end, 
for a change of mass of one per cent. Hence, in the middle portion of the plate 
the scale is about as open as that of a twenty inch slide rule. The resolving 
power is sufficient to separate lines differing by 1 in 600 and as expected from 
the theory is not very different at the two ends. Since the lines are irregularly 
curved and change their shape as one moves from one end of the spectxum to 
the other, it is impossible to assign positions to ihem relative to the fiducial 
spot with sufficient accuracy to apprmich the figure of 1 in 10* aimed at. This 
can only be done by measuring the distance between lines of approximately 
the same intensity, and therefore the same shape, when they are quite close 
together. 

The Comparator. 

Of several methods tried, the most convmiwt for mahing such a measure* 
ment is by an application of the principle of Poynting’s Tilting Plate Micro* 
meter.* If an object is observed through a thick plate of glass and the plate 
tilted, the object will appear to shift. Poynting showed that for moderately 
small angles, this shift is very exactly proportional to the tangent of the angle 
of tilt. For the present purpose, two plates are used with their edges touching. 
Their plane of separation is arranged to lie along the middle of the spectrum, 
which is observed directly below. The plates ate so connected by a simifla 
mechanism that they move through equal and opposite angles, giving doable 
the range of a single plate, and affording complete optical compensation for 
focus, so tibat fairly high powers of magnification can be used whm calibrating 
with a standard scale. To measure the distance between two nei^bouring 
lines a and h, these ate observed through a suitable low-power lens and the 
• J. H. Fkqnnting. * Phil. Ttnas.,’ A. voL 904, p. 413 (1005). 
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plates tilted until the edge of the right half of a coincides with the edge of the 
left half of b, giving the appearance of a single line if the intensities are equal. 
The tangent reading is taken and the operation reversed until the edge of 
the left half of a coincides with the edge of the right half of b. The sum of 
these two readings from the central zero is a measure of the distance and can 
be calibrated once and for all by the use of a standanl scale. The great 
advantage of this over other types of comparator, for this particular purpose, 
is that the setting is practically independent of small changes in the position 
of the eye of the observer. By a lateral movement of the eye one can shift 
the dividing plane right across the narrow spectrum, and so compare any 
part of one line with the corresponding part of the other. This enables much 
more reliable readings to be obtained with irregularly shaped but similar 
lines than would a fixed line of division. A diagram is shown in fig. 4, and 
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a photograph of the instrument itself in fig. 3. It is at present fitted with 
two echelon plates 1 cm. thick supplied by Messrs. Adam Hilgor. The 
measuring arm is 30 cm. long, and the tangent scale divided into*millimetres 
78*6 of these correspond to 1 mm. shift. With sharp lines the accuracy of 
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setting is well within 0 *01 nun., but the lange is small, a little more than 2 mm. 
The fainter the lines on these spectra the sharper they axe, so that the best 
measurements are to be obtained from lines just strong enough to be clearly 
seen. In order to increase contrast, the plates are laid face down on glased 
process paper and observed by reflected light. In some cases the negatives 
were intensified before measurement. The position on the spectrum of the 
pair of lines to be measured is at our disposal, and is chosen to suit the particular 
system of measurement employed. All the most accurate determinations 
were made in that part of the spectrum where the dispersion constant is about 
3 mm. for one per cent, change of mass. 

MetJuds of m&uuring Ratios of Mass. 

The accurate comparison of two masses giving lines on a mass-spectnim 
depends on the determination of two quantities, the distance between the 
lines, and the dispersion constant. The first must bo small, and is measured 
directly by the comparator as described. The second is arrived at indirectly 
by approximate measurements of large intervals between lines whose mass 
differences are known with sufficient certainty. The hydrides of carbon and 
oxygen are most useful for this. From these data, the dispersion constant for 
several points on the small range actually used can be plotted. These lie on a 
straight line, so that interpolation is easy. Values of the dispersion constant 
appear reliable to about 0*3 per cent. They are only constant for one setting 
of the apparatus, and must be confirmed or recalculated if any change is made. 
It will be seen that if the interval between the lines corresponds to a difference 
of mass of less than 1 per cent., and no other errors are present, an accuracy 
of 1 in 30,000 can be looked for. These measurements can be applied in a 
number of different ways to suit particular cases, the principal ones so far 
used can be classified as follows:— 

Method I .—^Direct measuremrat on a single spectrum. This method is 
virtually free from all uncertainty and independent of the polarisation error, 
but can only be applied to bodies giving lines clearly resolved, but differing 
by less than 1 per cent, in mass. These cases ate unfortunately very rare. 
The beet example is the doublet givmi by oxygen, methane shown in Spectra I 
and IV. Here the lines only differ by 0*2 per cent, in mass, and can be obtained 
of equal intensity manipulation of the quantities of oxygen and methane 
present in the discharge tube. Other cases will be noted later as they occur. 

Mdkod II, which may be called the method of series shift, can he employed 
whenever the masses to be compared form terms in a series whose unit of 
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difference is not too groat. Two potentials are chosen which will bring con> 
secutive terms into the desired contiguity, and these are applied to the electric 
]^te8 alternately during the exposure while the magnetic field is kept constant. 
The relative duration of the application of the potentials is adjusted to give, 
in the doable spectrum produced, equal intensity to those two lines between 
which the interval is to be measured. A good example of this is afforded by 
the lines of bromine and its hydrides. These give a series 79, 80,81, 82, shown 
in Spectrum Y. First potentials 300 and 324 volts were applied alternately, 
giving four times longer exposure to the latter to compensate for the weakness 
of the HBr lines. In this way. Spectrum lla was produced on which the 
small intervals 79, 80 and 81, 82 could be measured. The same operation 
was then repeated with the relative exposures reversed, giving Spectrum II6 
and the interval 80, 81. Now, it is obvious that whatever the value of the 
dispersion constant, so long as its variation along the plate is smooth, if the 
four lines form a true progression, the interval 80, 81 must be the mean of the 
intervals 79, 80 and 81, 82, each of which correspond to the addition of one 
hydrogen atom. When, as in this case, it is not, the divergence from the mean 
so measured gives at once the relation between the masses Br^^ and required. 

Method III .—^This is the method most generally applicable for which the 
instrument was designed. It is the original bracketing method modified by 
the use of small intervals instead of brackets. If we wish to find the ratio of an 
unknown mass x to a known mass a we must photograph their respective lines 
in virtual coincidence, that is to say near enough for exact determination of the 
interval as described above. This is done by applying suitable potentials V^, V, 
whose ratio differs by about half a per cent, from the expected ratio x: a. As 
we cannot trust the deflecting fields to be exactly measurable by the potentials 
applied, on account of the polarising effect, two other masses must now be 
found h, and c, whose ratio is identical or nearly so with x: a. The small interval 
a;, o is photographed at the most advantageous position on the plate by appijring 
the potentials Yi, Yj in rapid succession alternately keeping the magnetic field 
Hj constant. Then using the same pair of potentials and a different magnetic 
field Hi the small interval b, c is photographed on another spectrum. The 
magnetic field in this case is so chosen as to bring both intervals into the same 
region of the plate to diminish as far as possible errors due to the values of 
the dispersion constant. The intervals of length are now measured and trans¬ 
formed into intervals of mass by multiplying by the dispersion constants 
calculated for the mid-point of each interval. From the value of the interval 
b, e, so determined, and the known ratio of the masses concerned the efEeotive 
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ratio of the fields can be exactly calculated and then applied, by means of the 
interval x, a, to determine the mass x. In practice it is not usually necessary 
to evaluate the ratio of the fields, for the masses concerned are all so near whole 
numbers that the divergence of x from a whole number is simply the difference 
between the mass intervals, corrected by additions or subtractions of the known 
divergences of the other masses used. If the agreement between the ratios x: a 
and 6: c is only numerically approximate, and the approximation of suitable 
order, the voltage ratio is adjusted to lie between them and the sum of the 
mass intervals used. The accuracy in this case will not be so high. An example 
of this method of comparison will be seen in Spectra III and IV. The first 
is a double spectrum taken with methane using a potential ratio between 15-^12 
and 24 19. The second is taken on the same plate with the same potentials 

after the magnetic field had been increased and BFs introduced. The sum of 
the intervals seen at the right hand of the spectra gives the relation between 
carbon and fluorine. 

Vniis .—The choice of a standard of mass is at our disposal. From a theore¬ 
tical point of view the neutral hydro^n atom, or the proton itself, would be a 
good unit, and would make all the divergences of the same, negative, sign. 
On the other hand, the fact that such masses as these lie at the extreme end of 
the scale makes them inconvenient as practical standards. For the present en¬ 
quiry the neutral oxygen atom 0^* has been adopted as standard. The identity 
of this scale with that of chemical atomic weights depends on whether oxygen is 
a simple element or not. The absence of a very small percentage of an isotope 
is difficult to prove, and in on^gen particularly so, for the neighbouring units 
14,15,17,18 are always liable to be present. The possibilities of an isotope 0^^ 
is actually suggested by Blackett's* experiments on the disintegration of nitro¬ 
gen nuclei by the impact of alpha rays, but the evidence on the whole so far is 
in favour of oxygen being ample. 

The masses measured by the mass-spectrograph are those of positively 
charged particles, and must, therefore, be corrected for the mass of the electron 
mo when this is significant. For this purpose mQ is taken to be 0-00054 on the 
osqrgen scale. To avoid ambiguity the word “ mass ” will always be used 
when the weight of an individual atom is concerned, " atomic weight ” being 
given its usual agnificance. 'Where molecules are concerned their masses 
are assumed to be tbe exact sum of the masses of their component atoms. 


* P. If. S. Blackett, ‘ Boy. Soo. PToo.,' A, vol. 107, p. 340 (1025). 



New Ma$e-Spectrograph. 


501 


The Packing Fraction, 

Ever since the discovery of the whole number rule it has been assumed 
that in the structure of atoms only two entities are ultimately concerned, the 
proton and the electron. T{ the additive law of mass mentioned above was as 
true when an atomic nucleus is built of protons plus electrons as when a neutral 
atom is built of nucleus plus electrons, or a molecule of atoms plus atoms the 
divergences from the whole number rule would be too small to be significant, 
and, since a neutral hydrogen atom is one proton plus one electron, the masses 
of all atoms would be whole numbers on the scale H 1. The measurements 
made with the first mass-spectrograph were sufiiciently accurate to show that 
this was not true. The theoretical reason adduced for this failure of the addi¬ 
tive law is that, inside the nucleus, the protons and electrons are packed so 
closely together that their electromagnetic fields interfere and a certain fraction 
of the combined mass is destroyed, whereas outside the nucleus the distances 
between the charges are too great for this to happen. The mass destroyed 
corresponds to energy released, analogous to the heat of formation of a chemical 
compound, the greater this is the more tightly are the component charges 
bound together and the more stable is the nucleus formed. It is for this 
reason that measurements of this loss of mass are of such fundamental import¬ 
ance, for by them we may learn something of the actual structure of the nucleus, 
the atomic number and the mass number being only concerned with the 
numbers of protons and electrons employed in its formation. 

The most c-onvenient and informative expression for the divergences t)f an 
atom from the whole number rule is the actual divergence divided by its mass 
number. This is the mean gain or loss of moss per proton when the nuclear 
packing is changed from that of oxygen to that of the atom in question. It 
will be called the packing fraction ” of the atom and expressed in j>arts per 
10,000. Put in another way, if we suppose the whole numbers and the masses 
of the atoms to be plotted on a uniform logarithmic scale such that every deci¬ 
metre equals a change of one per cent., then the packing fractions are the 
distances, expressed in millimetres, between the masses and the whole numbers. 

Results. 

The results obtained with the new instrument and now to be recorded may 
be classified under two entirely different heads. First there are those giving 
new information on the isotopic constitution of elements, and secondly there 
are those by which the packing fractions of the individual types of aton^ are 
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measured. It is oonveaient to combine both of these under the element con- 
eemed, and, for ease of reference, to take the elements in their natural order 
of atomic number. 

Hydrogen. —^The hydrogen molecule was compared with the helium atom by 
Method ni and measured against the known ratio H: H,. The voltages 
applied were approximately in the ratio 2 : 1-004, so that the line was 
on the heavy side of each doublet. The difference between the packing frac* 
tions of hydrogen and helium is the sum of the two intervals corrected for the 
mass of the electron. The intervals of mass came out on three plates to be 
73*7, 73*6, 73*9, mean 73*73. From this must be subtracted the correction 
for the electron which in this particular case amounts to ^ mg — 1 *35 X 10~S 
whence we get 72*4 as the excess of the packing fraction of hydrogen over that 
of helium. The value of the latter is shown below to be 5*4, hence the packing 
fraction of hydrogen is 77*8, and therefore its mass 1 -00778, a value in excellent 
agreement urith the best results obtained by other means. 

Helium. —^The atom was compared with the doubly charged oj^gen atom 
0' using the known ratio C"*': as a measure. For this purpose voltages 
rouglily 242 and 362 were applied to the plates, bringing and He into close 
approximation on one spectrum and C'*' and together on the other. The 
packing fraction of helium will be measured by the difference between these 
intervals. The mean of four measurements gave 5*2. This must be corrected 
by the addition of mo/24 so that the packing fraction of helium is 6*4 and 
its mass 4-00216, a value rather higher than 4-000 found by Baxter and 
Starkweather.* 

Boron. — Aa before, boron trifiuoride was found a convenient source of this 
element. The lighter isotope was compared with O'*"'' by the use of the 
known ratio CH,: C. B^ was compared with G by the known ratio C: CH, 
which is sufficiently near for the purpose. The results so obtained were checked 
by comparing the ratio B^°: B^ with that of B^: C. Using the mass of C given 
below, the results of these three comparisons were in good agreement, and 
gave for B*'’ the packing fraction 13*5, mass 10*0135; and for B^ the packing 
fraction 10*0, mass 11*0110. 

Carbon. —The accurate evaluation of this atom is of peculiar importance, 
for it and its compounds give the most valuable standard lines used. Its mass 
can be measured in two ways. The mote direct is to make use of the geometrical 
progression 0:0; OHg. The technical objection to this is that the water line 
is only well developed when a new discharge tube is fitted, and then its intensity 

* G.tP. Baxter and H. W. Staikweather, ‘ Koo. Nat. Aoad. Soi.,* vol. 12, p. 20 (1026). 
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js very difficult to gauge. On the other hand the comparison is very favourable, 
for the square of the unknown is involved and any uncertainty in the mass of 
hydrogen only enters in the second order. The mean of four experiments so 
far made on this series gives a difference between the intervals C; HO, and 0 : C 
of 2*7. The water molecule has a packing fraction 8-7 and the correction of 
the electron is quite negligible. Hence the packing fraction of carbon is half the 
difference, that is 3*0 and its mass 13-0036. The mass of carbon can also be 
measured by means of the 0, CH 4 doublet. Several measurements of this have 
been made both by the comparator and by means of a photometer. From these 
the most probable value of the molecular weight of methane is 16-0350, a 
figure practically the same as -that deduced by Baume and Perrof" from its 
density. The molecular weight worked out from the values for carbon and 
hydrogen given above is 16-0347 an agreement warranting confidence in the 
methods employed. 

Nitrogen, —^Work with this element is unsatisfactory owing to the impos¬ 
sibility of disentangling its lines from those of carbon compounds, and at the 
same time making use of the latter for ratios. By the use of nitrogen and ethane 
in varying proportions a certain success was obtained, and the measurements 
indicated the most probable value of its packing fraction to be 6*0 giving a 
mass 14-008. More work will be required to confirm this figure, it is however 
in excellent agreement with the chemical results. 

Fluorine, —^During the experiments with boron trifluoride the fluorine line 
was measured by means of the approximate geometrical progression C: CH 3 
F: C 2 . Spectra III and lY are examples of the results; the measurements 
gave negligibly small packing fractions to fluorine as often negative as positive. 
The packing fraction is best taken as zero and its mass as 19*000, which is in 
agreement with the conclusions of Moles.f 

N&>n. —^The more abundant isotope was compared with O by means 
of the ratio CH 3 : C. The mean of three very consistent measurements of these 
intervals indicated that Ne^ has a practically negligible packing fraction 0-2 
and a mass 20*0004. Ne** was compared with Ne®® by the ratio CH : C. The 
numerical difference between these ratios is too large for accurate work, 
neither were the plates good. The mean results, a packing fraction 2*2 and 
mass 22*0048 are only to be regarded as provisional. 

Phosphorus, —The element was introduced in the form of phosphine which 
gives the lines P, PH, PH 2 , PHs. If plenty of carbon monoxide is present its 

* * Compt. Bend.,* vol. 148, p. 39 (1909). 

t E. Moles and T. Baruecas. ‘ Jour. Chim. Phys.,’ vol. 17, p. 539 (1919). 
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line will be practically unaffected by the presence of small quantities of SI*®, 
inevitably present and of mass so far unknown. So that the series CO : P: PHj 
can be employed to give values for phosphorus. If the pair CO, P is photo¬ 
graphed l)etween the slightly wider pair P, PH^<, as indicated in Spectrum VII 
the two intervals can both be measured on the same spectrum, though it is 
.^afer to bring them into the same position on tho plate by a second exposure. 
It is hanlly necessary to state that in the particular spectrum reproduced 
the lines 28, 31 are much too intense to be of any value for actual measurement. 
From the knoAvn values of H, C and O and the sum of the two intervals the 
packing fraction of P can be calculated. The mean of six consistent values 
corresponds to a packing fraction—6*0 and therefore a mass 30*9825. No 
mass-spectnim has given the slightest reason for supposing that phosphorus is 
complex so that it seems probable that the chemical atomi(* weight 3i *02 is too 
high. 

Sulphur ,—The chemical atomic weight of sulphur 32*06 is known with great 
certainty. When it was first investigated with the old mass-spectrograph the 
results were indecisive for the instrument was quite incapable of separating 
tho line duo to molecular oxygen from that of a sulphur atom of mass 32*06 
if that existed. Lines at 33 and 34 were noted, but by analogy to OH and OH^ 
such lines were to be expected. Hence it seemed safest to rest content with the 
certain conclusion that atoms of mass number 32 were present in preponderating 
proportion. As soon as the new instrument was found to be capable of resolving 
doublets such as oxygen, methane, the matter was put to a direct test.* 
Spectra were obtained under conditions such that both 0^ and S must have been 
present but the line 32 showed no signs of doubling. This proved that the 
atom of could not have a mass 32*06 so that atoms of higher mass number 
must be present. Further tests show'ed that the faint companions 33, 34 (S); 
49, 50 (SO); ,65, 66 (SO^), etc., were present on all spectra, even when the con¬ 
ditions were such as to make the presence of hydrides very unlikely. The 
intensity relations of the lines were also strongly indicative of tnie isotopic 
character. As a final confirmation a negative mass-spectrum of SO 2 was taken 
by exposing for an hour with both fields reversed. Lines 32, 33, and 34 were 
all visible and again showed the same intensity relations. We may safely 
conclude that sulphur, like magnesium and silicon, the two elements of even 
atomic mimber wMch precede it, is a triple element. The lightest mass number 
is by far the most abundant in all these three complex elements. appears 
to be about three times as abundant as S*® ; the two together amounting to 
* F. W. Aston, 'Nature,’ vol. 117, p. 893 (1926). 
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about three per cent, of the whole. The three linca of sulphur can be seen in 
Spectrum VI. No measurements of the packing fractions of the atoms of sulphur 
have yet been made. 

Chlorine. —CP was measured in three different ways. First by the use of a 
mixture of COClg and COj the approximate series CO : Cl®®; CO 2 was tested. 
Then by the addition of argon which liad already been measured, the ratio 
CP®: CO was compared with : 0. Finally CP® was compared directly with 
PHj by Method II. The results of all werti consistent and gave the most probable 
packing fraction as — 4-8 giving a mass 34*983. CP^ was compared with CO 
by the approximate ratio C: 0, and also CHj: finally checked by comj>ari 8 on 

with CP® by Method II. These gave for CP^ a value — 5*2 and mass 36*980. 

Argon, —^The principal isotope was first measured against CO 2 by means 
of the approximate ratio P : PH 3 . Better results were obtained from its second 
order line using the more exact ratio A*® : 0, CHg ; C. The mean value for 
the packing fraction is —7*2 giving mass 39*971. Experiments with the light 
isotope A®® were troublesome owing to its extreme faintness. It was 
measured by the approximate series A®® : A®® : COg. The measurements gave a 
packing factor — 6*6 and a mass 35-976, but this needs confirmation. During 
these experiments the proportion of A®® to A*® present was estimated by the 
relative exposures necessary to produce lines of equal intensity. It appears 
that this cannot exceed 1 per cent., and that therefore the atomic weight of the 
complex element cannot be less than 39*93, a result supporting the value 
39-94 given by Moles* as against 39*91 the international figure. 

Arsenic, —This element, like phosphorus, gives a series of hydrides so that 
it can be compared with Br'® with great accuracy by Method II using a series 
shift of one unit. The interval AsHa, Br*® being measured against As, AsH 
on the one side and Br"®, Br^®H on the other. The difference between the pack¬ 
ing fractions of arsenic and Br^® measured in this way is very small, 0 * 2 , so 
that if wo take bromine as below, that of arsenic is 8*8 and its mass 74*934. 

Bromine, —Methylene bromide was used as before, and it is of interest to 
note that the third order line of Br^® was obtained for the first time, it can be 
seen clearly at 26*3 on Si^ectrum VI, that of Br®^ being masked'by CgHj. The 
second order line of Br®^ at 40*6 was compared with COg by /neans of the ratio 
0: CH giving as the mean probable value of its packing fraction — 8*6 and 
mass 80*926. Br^® was then compared with Bi®^ by a series shift of one unit 
as described above under Method II. The mean difference shown was 0*4 
giving —9*0 as the packing fraction of Br^® corresponding to moss 78*929. 

* E. Moles, * Ber. d. Chem. Ges.,' vol. 60, p. 139 (1927). 

2 M 2 
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Krypton .—The poaitionof this complex element on the mass scale can be 
best fixed by comparing the second order line of its heaviest isotope at 43 vith 
CO| by means of the known ratio Br’°: Br^*. The mean of measurements on 
three plates gave for its packing factor —8*2, mass 86*929. This result was 
checked by a comparison of the first order line of Kr** with the second order 
line of the lightest isotope of mercury (Spectrum VIII) by means of the known 
ratio CH: CH, which, taking the value of mercury given below, gives identical 
agreement. The five even isotopes of krypton form an ideal subject for the 
series shift of two units. The six spectra shown (Spectrum XI) are all double 
spectra taken with the same voltage ratio, but with exposures suited to par¬ 
ticular pairs of lines. The measurements show to an order of accuracy probably 
well within 1 in 10* that the masses of the isotopes of krypton form a perfectly 
uniform series. The determination of the common difference cannot be made 
with the same certainty, but it appears slightly greater than two units. An 
experiment with a series shift of one unit showed that the odd isotope Er** 
fell into the same series. The packing fractions and masses of the isotopes of 
krypton are given in the table. 

Tin .—^The application of the higher accuracy of the new instrument to tin 
was of peculiar interest for the following reason. The lines of tin had been 
obtained from its tetramethide with the old mass-spectrograph and on the plate 
the line of the monomethide of its most abundant isotope could be 

seen. The mass number of this being 135, it should have appeared symmetri¬ 
cally placed between the lines 134 and 136 due to the isotopes of xenon present 
by accident. Actually the asymmetry was so marked that it was estimated 
that the difference of the packing effect in the nuclei of the isotopes of tin and 
wnon must amount to at least 0*2 of a unit of atomic weight. This seemed 
theoretically unlilmly, but the evidence then available appeared, and on re¬ 
examination still appears, quite conclusive. Spectrum X a, 6 shows the com¬ 
parison made on the new instrument. The lines of xenon 132, 134, 136 and of 
tin monomethide 133, 135 are widely resolved and form a perfectly uniform 
series. It is therefore quite certain that the conclusions from the former obser¬ 
vations were erroneous. The error appears to be due to the accumulation of 
several effects, an unequal spreading of the xenon lines, which were stronger 
than the line at 136, and an optical illusion possibly accentuated by the pro¬ 
perties of the Schumannised plate. It is a striking example of the danger of 
drawing any conclusions whatever from the apparent positions of lines not 
dearly resolved. 

Measurements with the qompaiator show perfect symmetry in the brackets 
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so that allowance for the excess due to CH, makes the packing fraction of tin 
2-0 less than tliat of xenon. Taking the value for xenon given below Sn^** 
has a packing fraction —7*3 and a mass 119*912. As far as measurements 
have been made among the tin lines themselves it apjieais that they all have the 
same packing fraction. The clearer photographs obtained with the new instru¬ 
ment show that tin is e\’en more complex than was previously supposed. On 
Spectrum X c taken with a very long exposure, no less than eleven isotopes are 
visible. Their mass numbers and order of intensity ate given in Table 1. Sn^*^, 
previously suspected, is isobaric with the lighter isotope of antimony. Of the 
three new ones Sn^*snd Sn^* are isobaric with cadmium and Sn^*^ with indium. 
Tin is quite exceptional. It is the most complex element known. It is the 
only element having more than two isotopes of odd mass number and the first 
to show isobares of odd mass number. 

Iodine .—^The single line of iodine was compared directly with that of Xe’^ 
and found integral with it within the error of experiment. Until more accurate 
measurements are available the packing fraction of iodine can be taken as the 
same as that of xenon, namely—5*1, giving a mass 126*932 identical with that 
obtained by chemical means. 

Xenon .—By a fortunate chance this element can be compared with mercury 
with the highest certainty, for its line 134 can be photographed in its second 
order between the two third order mercury lines 66*6 and 67*3, without its 
position being seriously disturbed by that of the weak mercury isotope 201. 
The mean of a large number of measurements of this bracket give a packing 
fraction 6*1 less than that of mercury. Hence, taking the value of mercury 
given below Xe^ has a packing fraction—5 *3 and a mass 133*929. During these 
experiments the two doubtful isotopes of xenon 124,126 were noted whenever 
sufficient exposure was given, and arc confirmed beydnd any reasonable doubt. 
A critical com{)arison of the masses of the isotopes of xenon by Method II 
has not yet been carried out, but direct measurement of the intervals between 
them shows no notable deviation, and for the present they may be taken as 
having the same packing fraction. 

TungOen .—^During the preliminary work, an attempt was made to obtain 
the mass lines of this heavy element by the use of its hexafluoride. A sample of 
this volatile liquid was very kindly sent to me by Prof. F. Swarts of Ghent. 

vapour was successfully introduced into the discharge, but appeared to 
decompose with great rapidity. No trace of any line could be detected in the 
r^on of 184. The failure of this experiment was, to a certain extent, expected 
from the behaviour of the lighter elements of the same chemical group. On 
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tbe other hand, had it been successful, it would have held out a hope of investi¬ 
gating the isotopic constitution of uranium, a problem of fundamental impor¬ 
tance in radioactivity. 

Mercury .—The value of the increased resolving power of the new instrument 
was first demonstrated in connection with this element. On spectra obtained 
with the old mass-spectrograph, the lines of mercury appeared as an unresolved 
blurr, the composition of which could only be estimated. As it turns out, the 
first estimate which included mass number 197 and omitted 201 was wrong. 
The new instrument resolved the mercury lines with the greatest ease as can be 
seen in Spectra V, VIII, IX and X. The groups show clearly that the mass 
numbers of its most important constituents are six :"'-198 (4), 199 (5), 200 (7), 
201 (3), 202 (10), 204 (2). The numbers in the brackets indicate very roughly 
the relative intensity of the linos. This result was obtained in time to be of 
assistance in connection with controversy aroused by the claims of transmu¬ 
tation of mercury into gold .* The somewhat surprising fact that mercury occurs 
in very small proportion in the distillate from coal tar was brought to my 
attention by Mr. W. Kirby of the South Metroplitan Gas Company. A sample 
from this most unasual source was tested but found identical in isotopic con¬ 
stitution with the normal element-t Mercury is in some respects the most 
important of all elements in work on the detennination of the masses of atoms 
by their mass spectra. Not only are its rays exceptionally easy to produce, 
but its unique series of multiply charged groiqis are to be taken gratefully as 
divisions naturally inscribed on the mass scale which cozmect the highest 
atomic masses with the lower ones without fear of accumulative error. During 
the present work the group could be distinguished even down to the sixth order. 
The accurate comparison between mercury and oxygen is of the highest impor¬ 
tance so that it may be used as a sub-standard. This has not yet been done 
satisfactorily. A measurement of its packing fraction was obtained by com¬ 
paring COj with triply charged Hg^®® by means of the known ratio of the second 
and third order lines of mercury themselves. This is by no means easy to do, for 
the potentials need be set very accurately to enable the two mercury groups 
to be clearly resolved, for, at the best, their interpolated lines can only differ 
by 1 in 400. Only one plate giving a good result has been obtained. On this 
the two intervals were indistinguishable. Hence, mercury would have the 
same packing fraction as CO 2 , namely 0*8, and the mass of Hg^ would be 
200*016. Comparison of the mercury lines with one another fails to show 

♦ F. W. Aston. ‘ Nature/ voL 116, p. 208 (1926). 

t F. W. Aston, ‘Nature/ vol. 119, p. 489 (1927). 
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any difference between their iniiiw intervals and unity on the oxygen scale. 
They may all be taken to have the same packing fraction, 

t Costas Results, 

The work of Costa already mentioned consisted in comjwiring the masses of 
some of the lighter elements by the method of bracketing. His mass-spectro- 
graph gave measm-ements for which an accuracy of about 3 in 10,000 is claimed. 
Taking helium as exactly 4 he deduced as the mass of the hydrogen atom I *0079, 
but by a numerical slijj this result was obtained by aj)plying the corre< tion for 
the mass of the electron to the hyclrogen atom alone and not to the molecule of 
hydrogen and the atom of helium which were the boflies actually used.* The 
ratio of these two from the actual measurements was 2-0148:4 which is identical 
within his expyerimental error with that found in the jwaent work. His 
compirison of helium witli carbon giving the ratio exactly 1 :3 is also, within 
his ern>r, in agreement with the results now found for these elements. One 
may therefore use his exprimental results for the isotopes of lithium with 
confidence. For Li^ he givtw a value of 6*009 if He = 4. If we substitute the 
value now found for helium wc deduce for Li® a packing fraction of 20 and a 
mass 6*012. For Li^ he gives 7*012 if N 11*008, this corresponds to a 
j)acking fraction 17. 

Collected Results, 


The results obtained in the research can now be tabulated in their two 
resj)ective categories : - 

Table f. 


Klcmont. 

Atomio 

nnmbcT. 

1 Atomic 

1 weight. 

1 

Minimum 
number of 
isotopes. 

Mass numlM'rs of isotuiios iii oninr of 

1 intensity. 

S 

16 

32 06 

3 

32, 33, 34 

6n 

00 

118*70 

11 

120, 118, 116, 124, )10, 117, 122, 121, 112, 
114, 116. 

Xc 

04 

130*2 

9 

129, 132, 131, 134, 136, 128, 130, 126. 124 

Hg 

HO 

200*6 

6 

202, 200, 199, 198, 201, 204 


In Table I is giwn a list of the elements on whuse isotoj)ic constitution 
further light has been thrown during this researcli. This maj' be n*garded as 
supplementary to the complete table of isotO])es last published.! With this 
it forms a complete list of non-radioactive isotopes discovered up to the present. 

* Dr. Costa has requested me to make this explanation here.—F. W. A. 
t F. W. Aston, ‘ Phil. vol. 49, p. 1199 (1925). 
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Table 11. 


Atom. 

Parking 
Fraction 
/ 10*. 

Mass 

0 «= 16. 

.\toni. 

Packing 

Fraction 

X 10*. 

Mass 
() = 10. 

U 

77-8il'5 

1-00778 


-4-8 + 1-5 

M-9H3 

He 

5-4±l 

4-00216 


6-6 + 1 5 

36-976 

Li* 

20 0+3 

6-012 


-60 + 1-6 

36-980 

Li’ 

17-0+3 

7 012 


• 7-2+1 

39-971 

BIO 

13-6±l-5 

10-0135 

As 

-8-« 1,1-5 

74-934 

B" 

10 0+1-6 

II-OIIU 

Kr’* 

-9-4 -12 

77-926 

C 

3-0+1 

12-003<1 

Br’* 

-90il-5 

78-929 

N 

6-7+2 

14-008 

Kr"« 

-91+2 

79-926 

0 

0-0 

16-0000 

Kr'*^ 

-8-6 n-5 

80-926 

F 

0-0 + 1 

19 0000 

Kr»* 

-8-8 11*6 

81-927 

Ne»» 

0-2 + 1 

20-00(H 

Kr** 

- 8-7 + 1-5 

82-927 

Ne*» 

(2-2 ? 

22*0(»48) 

Kr»* 

~8-6 + l-6 

83-928 

V 

-^60 + l-6 

30-9826 

Kr»« 1 

-8-2+1-5 

86-929 




I 

- 6-3+2 

120-932 

Tin 

I 

1 

J 


Hn**® 

^7-3 + 2 

119-912 

Xenon (iiinu isotopes) 



-6-3+2 

133-929 

Morourj (six iHotopcs) 


Hgioo 

+0-8+2 

200-010 


Table II gives a list of the precision measurements including those of Costa. 
The margin of error given may be regarded as an outside limit, hence it is 
large in all cases where comparisons are made indirectly. The masses of the 
atoms are simply calculations from the packing fractions so no particular 
significance is to be attached to the final digit. The agreement with chemical 
and other results is generally good in cases when such agreement is to bo 
expected, but the best test of the accuracy of the measurements is their con¬ 
sistence among themselves. So far this is highly satisfactory, and makes it 
reasonably probable that most of the parking fractions arc within one unit 
of their true value. 

Vmt(^u»ions. 

As luis already been explained, in addition to the first two fundamental 
constants of an atom, atomic number and mass number which settle the numbers 
of protons and electrons contained in its nucleus, we now have a third, the 
packing fraction, which gives entirely new information on the nucleus, for it 
is a measure of the forces binding those protons and electrons together. The 
discriminating value of this information is clear at once, e.g. had the packing 
fraction of the helium atom not been greater than that of the oj^gen atom it 
would have ruled out the possibility that the nucleus of the latter was simply 
built of four unchanged helium nuclei or alpha particles, for there would have 
been no loss of energy, that is mass defect, in the latter to represent the binding 
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forces holding the four particles together. High packing fractions indicate 
looseness of {lacking, and therefore low stability, low packing fractions the 
reverse. We are at once led to inquire into what happens to the packing fraction 
as we ascend from atom to atom in the scale of mass. 




Muss KmitK 

Fio. 0. 

The result of plotting packing fractions against mass numbeis for all 
Atoms so far investigated is indicated in fig. 6. Fig. 6 gives the same plot for the 
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light elements on a larger scale. These indicate that the packing fraction as 
a function of mass number shows simple regularities of a remarkable kind. 
If we ignore for the present the large gaps which it is hoped to bridge as the 
work proceeds, it ap|)ears that all atoms, except those of light elements of even 
atomic number, a])proxiinate to a single curve. Starting at hydrogen with a 
large positive lacking fraction the curve drops rapidly, crosses the zero line in 
the region of mass number 20 and sinks to a minimum value of about 
in the region of mass number 80. It then rises again and recrosses the zero line 
in the region 200. There is no marked periodicity. As was to be expected, 
the most interesting region is tliat of the lightest atoms, shown in fig. G. In 
isotopic constitution and relative abundance there is a fundamentol class 
difference between elements of odd and elements of even atomic number.* 
This is reflected in the behaviour of their nuclei under the disintegrating impact 
of alpha particles, for Rutherford and Chadwick have shown that odd numbered 
elements have less stable nuclei and emit protons at a much higher average speed 
than those of even number. This difference is now shown to extend to their 
nuclear masses. \Vhereas the atoms of odd atomic number, irrespective of 
whether their mass number is odd or even, approximate to a smooth curve rising 
steeply to hydrogen, those of even atomic number lie w'ell below and may be 
said to form a branch rising less steeply to helium. For comparison, the 
rectangular hyperbola x (y-f 12*5) == 250 has been drawn in fig. 6. Such a 
curve is the locus of the packing fractions atoms of mass = mass number+1/40 
unit, if 0 = 16 (1-12 -5x10“*). 

In the cases of atoms of odd atomic number the measurements show a 
definite approximation to this curve. This means that the masses of the nuclei 
of these particular atoms can be regarded as being made up of two distinct parts, 
one which clianges by unity for each unit advance in moss number, and another, 
a small excess, which remains constant. To illustrate this point we may 
imagine the nuclei of these atoms to consist of a central core of maximum tight¬ 
ness of packing, corresponding to a packing fraction on the oxygen scale of 
—12*6 which is surrounded by, let us say, three protons or neutrons attached 
with a tightness represented by a packing fraction 83*:i. The free proton has 
a packing fraction on the new scale of 77*8 -f 12*6 = 90*3 which leaves a 
balance of 7 for binding purposes. No stress is to be laid on these figures which 
are purely illustrative nor is it intended to discuss the possibilities in any detail 
here.ibut the facts do certainly suggest that the nuclei of light atoms have a loose^ 
and therefore heavy, external structure of lightly bound protons or neutrons 
* See * Iflotopes,* 2nd Edition, p. 131. 
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common to them but not possessed by the much more stable and tightly bound 
atoms of helium, carbon and oxygen Whether this is so or not the position of 
carbon and oxygen on the diagram indicates a tightness of packing entirely in 
favour of the views of Rutherford and Chadwick as against those of Kitsch and 
Pettersson who claim that protons can be detached from these nuclei by the 
impact of alpha rays. Neither do the observations of Rutherford and Cliadwick 
that the chance of disruption of protons from lithium atoms, if |K)ssible at all, 
is snudl compared with those of boron, nitrogen, etc., show any stirious disconi- 
ance with Costa’s results for lithium, here plotted, for the position of these 
suggests that their nuclear structure, though loose, is not so loose as that of 
the others. It is unfortunate in this connection that data for beryllium are not 
available. The fact that the packing fractions of the heavier atoms show a 
smooth distribution and do not decrease continually with increase of mass 
number is interesting. It is not what one would expect were the nucleus a 
structure similar to the outside of the atom, and possessing a periodic function. 
It is much more in keeping with the view put forward by Sir Ernest Rutherfonl .* 
That the nucleus consists of an inner part of uniform, tightly bound “ cr}rBtalline ” 
structure, outside which is a looser system of neutrons, protons and electrons 
which is more complex the heavier the element. The ciystalline packing supplies 
a minimum possible packing fraction, while the increasingly complex outer 
structure may be taken to explain the rise of the packing fraction in very heavy 
elements. 

The results reported here show that the mass-spectrograph has possibilities 
as an instrument of precision. The work is still in progress, and as it proceeds 
we may confidently expect an increase in the accuracy as well as in the numbers 
of measurements. It is hoped that these will form useful data for the theorist 
in the attack now imminent, on that least understood and most interesting 
problem of modem physics, the electromagnetic sbucture of atomic nuclei. 

Summary. 

A new mass-spectrograph is described with a resolving power of about 1 in 
fiOO, and an accuracy of 1 in 10,000, when sjwcial methods of comparison are 
employed. 

^y wiaana of this instrument the isotopic constitution of mercury has been 
settled, new isotopes discovered in sulphur and tin and the two doubtful isotopes 
of xenon confirmed. 


* Guthrie Lecture, 1027. 
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Measuremeats of pieoudon kave been made on 51 t^pes of atom contained 
in 18 different dements ranging from hjdiogen to merourjr. The masses of* 
these accurate to one or two parts per 10,000 are tabulated on the oxjgen 
scale. 

The relations of tin and xenon have been re-examined and found not to show 
the striking abnormality previously suggested. 

Values for Li* and Li^ are obtained by a re-calculation of Costa’s results. 

The packing fractions of the atoms, ».e., their percentage divergence from 
whole numbers expressed in parts per 10,000 are plotted against their mass 
numbers when it b found that all but light atoms of even atomic number lie 
roughly on a single curve which descends from hydrogen 77 - 8 to a minimum of 
—9 in the region of bromine. It then ascends again and recrosses the sero line 
in the region of mercury. 

The light atoms of even atomic number have packing fractions well below 
this curve and approximate to a branch rising much less steeply to helium 
6*4. 

The theoretical implications of these results are briefly discussed. 

DBSCBIPTIOV Of THX BlASS-SfXCTBA BXfnODTOXD IN PLATE 8. 

1.—Single spectrum of the Ci group, showing oxygen methsne doublet. 

n.—Doable spectra iUustiaUng comparison of Br lines by Method II. 

III. ^l>ouble spectrum oompartng CH, and 0, voltages 280, 852. The oxygen methane 
doublet ie seen on the extreme right. 

IV. —^Double spectrum oomporing F and voltages 280, 352. This combined with III 
gives the moss of fluorine in terms of carbon and hydrogen by the general Method Ill. 
The line of can be seen and, very faintly, that of The oxygen methane doublet 
is shown very clearly in the lower potential speotmm. 

V. —Snigle spectrum token with CHgBr abowiqg the pain of lines due to Br, HBr, 
OHtBr, CH«Ebr and the second order meicuiy group. 

VL—DouUe spectrum oomporing Br** with OOg, vidtagei 300, 824. The higher voltage 
spectrum, which hod on mpoam of half on hour, riiows As tri]4y-olisiged Br line at 26-3. 
It contains the lines of sdphur, chlorine, etc., and is on admirable illustration of the linear 
dfstcibotion d lines differing hy one unit. 

Vn.—Double spectrum showing the lines of phosphimw and ite hydrides pbotograidied 
between the Ikwo of carbon numoxido and phos|dionis. 

Vni.*---Doul)b speotrum compering Kr** with The lince of krypton are eecnnesr 
the middle. The eeoond order lines of mercury are shown under high dispersion. 

IX. —Spoctram showing the second wder metomy gronp very dearly. 

X. —<a) and (ft) Spectra showing the even spacing of the tin monometh^ and xenon lines. 
(c) The same with long expceuie dmwing devMi isotopes of tin. 

XI. —Six doable spectra t$km wiffi the same voltages 360, 866. Each baa an eigposure 
suited to a porticalar pair of Uaei^ for compaiiaon of 0O|, Kr and Br. (a) Ex'* 1 0O«, 
(ft) Xrf*:KR**andKis*:KrH,(c)Kr**:Kr*«a]|4KrM;M, (d)Kr«*;Kr**, (e) Kr«*:Kr^, 
(/) after addition of methyleiw tmoBidB, Br** ^ 
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On the Wave-Length cff the Grem Auroral Lint in the Oxygen 

Spectrum. 

By Prof. J. C. McLbnnan, F.R.S., and J. H. McLeod, MJl. 

(Received June 15, 1927.) 

[PlATl O.J 
I. Introduaion. 

It is well known tliat the spectrum of the aurora is characterised by two 
outstanding features, the first of which is a set of bands with heads at or near 
X SB 3914 A, X =a 4276 A, and X as 4708 A. The second is a strong narrow 
sharply-defined line dose to X = 5577 A. As to the bands. Lord Rayleigh,* 
Dr. Slipher,']' Prof. Vegard| and others have shown them to be identical with 
the so-called “ negative ” bands obtained with molecular nitrogen in the singly- 
ionised state. Nitrogen in this state must, therefore, be one of the main con¬ 
stituents of that portion of the uppa atmosphere in which auroral displays 
occur. As to the line X =as 6677 A, it is the strongest constituent of the spectrum 
of the aurora. Lord Rayleigh,* Dr. Slipher,t Dr. Babcockf and others have 
shown that it can be obtained as well in the spectrum of the light of the night 
sky. 

In 1923 Dr. Baboodc$ made an accurate determination of its wave-length 
with a Fabry and Perot interferometer and found it to be 5577 *350 ± 0*0051.A. 

In tile same year Prof. Vegard|| put forward the view that the auroral green 
line bad its origin in solid nitrogen suspended in a state of fine division in the 
upper atmosphere, and excited in some way to luminescence. In 1924 Vegard^ 
as well as McLennan and Shrum** showed that the spectrum of the light from 
solid nitrogen rendered luminescent by elechranic bombardment included three 
broad diffuse bands shading into each other with mean wdve-lengths 56M A, 
5617 A, and 6668A, but neither Prof. V^^ffd nor any other observer has obtained, 
as yet, from nitrogen in any form or state a qteotral line possessing the character¬ 
istics of the auroral green line and having tiie wave-lengtii 6577*36 A. 

* Bsyleigh, ‘ Roy. Soo. Ftoc.,’ A, v^ 100, p. 114 (1892). 

t Slipher, ‘ Asfarophys. J.,’ v<d. 40, p. 260 (1010). 

t Vagaid, ‘ Phil. Msg.,’ voL 40, p. 108 (19S3X 

S Babcock,' Astcophys. J.,’ vol. 87, p. 800 (1883). 

II Vegaid, ‘ C. B.,’ voL 176, p. 1408 (1083). 

IF yegaid, ‘ C. B.,' voL 180, p. 1084 (1385). 

** McLennan and Shnun, ‘ Boy. Soc. Proo.,* A, voL 100, p. 188 (1084). 
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On the other hand, McLennan and Shrum* in 1925 showed it was possible to 
obtain such a line in the spectrum of highly purified oxygen. When obtained 
from this gas alone the intensity of the line was weak. It could be enhanced, 
however, when the oxygen was mixed with one or other of the rare gases helium 
and neon. 

In 1926 McLennan, McLeod and MoQuarrief published the results of an 
extensive investigation on the nature and occurrence of the line. They showed 
that argon in particular, when mixed with oxygen, enormously increased its 
intensity, and from observations made by them on the magnetic resolution of 
the line they were able to show that it was one that could be provided for in 
the scheme of spectral terms work(*d out for atomic oxygen by McLennan, 
McLay and Smith.J Apart from its wave-length, this interesting oxygen 
spectral lino was shown to have all the physical characteristics of the famous 
green auroral lino. 

As to the wave-length of the green oxygen line, McLennan and Shrum* 
found it to be 5577*36 A with a possible error of O'15 A. This value was the 
mean obtained from a number of settings on the line as recorded by them with 
an ordinary Hilger Constant Deviation Spectrograph. The possible error 
0-15 A represents the greatest difference between their mean value and any 
one of the values they obtained from the different settings. 

In view of the necessity of determining the wave-length of this oxygen green 
line with precision, wc recently undertook to investigate it with a Fabry and 
Perot interferometer after the manner of Dr. Babcock.§ The investigation is 
now completed, and we find the wave-length to be 6577 *341 ± 0*004 LA.|1 As 
Babcock’s value for the wave-length of the auroral green line was 5677-350 ± 
0-0061.A., it will be seen that there is a remarkable agreement between the 
results of the two determinations. 

There would appear to be no doubt, therefore, that in the discovery by 
McLennan and Shrum of the oxygen green line the origin of the famous auroral 
spectrum line was found. 

One result that follows immediately from the identiffcation of the auroral 
green line is that oxygen as well as nitrogen must be present in the upper 
atmosphere in the region where the auroral light is emitted. 

An account of our investigation follows. 

* ‘ Roy. Soc. Proo.; A, voL 108, p. 501 (1926). f IWd., vol. 114, p. 1 (1927). 

t Ibid,, Tol. 112, p. 70 (1926). § Babcock, * Astrophys. J,,' vol. 67, p. 209 (1923). 

II Osiio with a ruled grating recently found the wave-length to be 6577*348 ± 0*005 LA. 
• Z. f. Phyrik,’ vol. 42, p. 15 (1927). 
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II. AppanUus. 

The Fabry uuJ Perot interferometer was a beautifully made instrument 
and was obtained from the Adam Hilger Company of London. The various 
parts are grouped and shown in fig. 1. The camera, a fixed focus one, was 

j'ltiMu e 
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provided with an outer woo<len enclosure AB on which a large right-angled 
reflecting prism, P, w ith its mount, could be placed. The face of this prism 
was 4-5 cm. X 4-5 cm., Imt the effective aperture was a circular opening in 
the base of the mount 5-5 cm. in diameter. V, the camera proper was pro¬ 
vided with an F/2 Taylor-Hobson Cooke 4-5-inch focus anastigmat lens, L. 
On the mount of this lens there w-a.s a stage for holding securely when exposures 
were being made one or other of three Fabry and Perot glass etalons. The 
stage carrietl three levelling screws for adjusting the etalons as shown in fig. II. 
The plate holder, O, partially inserted in the o}K*ning for it in the camera is 
shown in the photograph.. The reflecting prism was used for directing a hori¬ 
zontal beam of light down into the camera. When a vertical beam w-as used 
the prism was removed. 

The three etalons W'(tc plane parallel circular glass plates half silvered on 
both sides. Their diameters were the same*, 7 cms., and their thicknesses, as 
will be seen later, were as follows:— 


EtalonI = 1-57031 cm. 
„ II =--- l-20J4fi „ 
Ill = 0-4G244 „ 
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The following optical data were supplied by the makers:— 
A. 


Eialon. 

Order of interference for 

A =» 5677-35 A. 

Spectrum range.* 

1 

H5000 

0-0050 A 

11 

fiSOOO 

0-0858 A 

ni 

26000 

0-22.3 A 


* Spectrum range in thia table Mgnifiefl the value of JA that would result in the ath fringe of 
the A + JA Hyetem coinciding with the (n + i)th fringe of the A HyHtcm. 

B .—Refractive indices of the glass of the etalons. Melting No. .WSS, type B.S.C. 

H. (Ha, X =- 6662 ■ 793) = 1 -50627 

Hi (NaD, mean, X = 5892-96) = 1 -6086 

H/ (H^, X = 4861 -327) = 1-51419 

ti, (H^, X = 4340-466) = 1 -61868 

The dispersion formula we used was 

^ ^ with = 1 -4910863 

A ““ Aq 

C == 76-368337 and X, = 1699-17. 

This formula gave |i s 1*6100282 for X = 6577-36 A and [x = 1*6099835 
for X = 6586-764 A (Fe). 

The manner in which the interferometer was used will be clear from the dia¬ 
grams shown in figs. 2 and 3. 

The light from the discharge tube in which the radiation corresponding to the 
oxygen green line originated was focussed by an astigmatic lens A on the slit 
B of a Hilger Constant Deviation Spectrograph. The eyepiece generally used 
in the spectrograph was removed and in its place a curved slit of adjustable 
width was placed at the focus, C. The curvature of this slit was made the same 
as that of the spectral lines in the region near X 6677 A, so that while all the 
light in a selected spectral line could be passed through the slit, no extraneous 
light such as that from other spectral lines could get through. 

Instead of allowing the beam of light diverging from the slit to go directly 
to the camera and so, by illuminating a wide area of the plate, form a complete 
ring system, we condensed it with a lens D so as to limit the illumination on 
the photograph to a narrow strip along a diameter of the ring system. This 
device served to reduce the time of exposure for the light of the oxygen green 
line from about 20 hours to 1 hour. 
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In our investigation we used as standards of comparison certain wave-lengths 
in the spectrum of the iron arc. The arrangement for passing the light from this 



arc through the optical system, including the etalons, is also shown in fig. 2. 
The lens G formed a real image of the iron arc on the screen Tf, and an opening 
in this screen penmtted the light from a seliM’ted portion of the arc to pass 
through the lens J and prism K. 

When light from the iron arc was desired the prism K was placed in the 
position indicated, but it was removed whenever light from theoxygeu discharge 
tube was under examination, (^are was taken to ensure that the light from 
€ither source the lens of the collimator of the spectrograph in order to 
ensure symmetrical illumination. 

A () mm. 6 ampere .standard arc was tried us a source of the iron spectrum, 
but the spectral lines obtained with it wefc found to be too broad for use when 
the etalon with the highest order of interference was used. Accordingly a 
12 mm. Pfund arc was substituted that carried a current of 3 *5 amperes. Light 
was selected from a central portion of the arc 1 *25 mm. in length. The iron 
lines obtained in this way were found to be fine enough to give well-defined 
interference rings with No. I, the 86000 order etalon. 


2 N 
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Ilf. The. Theory of the WmH.\-lcngth Deierminatw). 

For niys incident on an etalon at the angle i the equivalent path difference 
Ai in air is given by 

Ai — 'Jfxecos?, (1) 

where (A is the index of refraction of the glass and v is the thickness of the etalon. 
For normal irujidcnce 

A - 2fxe (2) 

For two wave-lengths and X incident normally Aj. and A the equivalent 
path differences are Aj. — and A ~ 2pe. 

The order of interference for normal incidence for X, is given by >?j; -f ™ 
Sfi^/Xjc where is integral. For X we have similarly « -f- a = 2tAe/X where n 
is integral. 

The difference in the order of interference for the two wave-lengths for normal 
incidence is given by 



where + S = {rtf a*) — {n + a) and m is integral. 

It is not necessary to know the values of and n in order to determine the 
value of S, for S = aj. — a when is greater than « and S -■ (1 + a,) — a when 
aj, is less than a. 

Equation (3) may be written in the form — fzv ^ (/w-|-3)/2c where 
V-1/X. 

From which 


V* 



w "b S 

2iix« 


+ 4jfv = ^ + ^ 

{X, *i|i^ 


Av — 



(4) 


By the use of this equation we may check up the value of 2c, the double 
thickness of the etalon, and also, when the latter has been accurately found, 
evaluate the difference between the frequency of a radiation of unknown wave¬ 
length and that of a radiation whose wave-length is known with sufficient 
accuracy for its adoption as a standard. 

Thideness of the EtaUm—To determine the thickness of the etalon with pre¬ 
cision, it is first of all necessary to measure it directly with a gauge or some 
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similar instnimeTit. A vahio can easily he found in this way correct to within 
one part in ten thousand. 

For any two standard wave-lengths X and X^. wn have* 


\^= y-ii 


(J 


therefore 

Ag*ain 


X-X„ 


and --- {a,j 




X- - X..' 


(X, - X,,) (X - ■ XJ 


A /I 1 1 • 1 1 1 

A V — ( -) Since v - and - - —. 


All of which shows that /// + S in c(juntitm (4) can be (lct(Tinined if the valu 
of X and X^ are known with the precision of standard wavedengtha. 

While this proccdutc enables us to evjiluate the (juantity m ] rJ, the import-a 
feature of it is that it gives us a method of precision for finding m the in teg 
j)art of m -j- 1\) find S with precision an interference ring syst(‘m should 

photographed for the wave length X and also one for tlie wave-length X^. wi 
the etalon under investigation. If df and f/* be tlic measured diameters of a 
two rings f and k of the system formed by the wave-length X, then a the fracti 
of an interference order at the centre gn'ator than that corresponding to t 
first ring is given by 


Similarly for the X, ring system we have 


( 6 ) 


As S = a* a or (I f aj — a as previously explained, we seeecpiations(5) 
and (6) enable us with the measurements involved in them to evaluate S with 
precision. If now we add this value of S to the integral value of m found in the 
manner indicated above, we obtain an adjusted value of m -b 8 that must have 
a high degree of accuracy. 

To determine 2c for the etalon with precision it only remains to insert the 
adjusted value of m b S in equation (4), t.e. Av = 

from it determine 2e, the quantities Av, pa., v, and Ap. being known from 
the two standard wave-lengths used and the (lisjiersion formula for the glass 
of the etalons. 

In measuring the thicknesses of the three etalons used in our investigation 

2 N 2 
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and in checking them up in the manner just indicated, we obtained the results 
given below- 

Values of 2e, the double etalon thickness. 


— 

Direct miMUiureinent. 

Optical measurement. 

1 Differenco. 




Per cent. 

Ktaloii Nu. in 

0-924H 

0 024883 

0 01 

Etalon No. 11 

2-4028 

2*402006 

0-004 

Ktalon No. 1 

3-1408 

3*140425 

0 01 


For this work the standard wave-lengths used in pairs were those of the iron 
arc X54()6*778A, X5-I29-702A, XM34-r>27A, X5455 613A, xr>r)86-764A 
and X 5615-6511 A. 

IV. Wave-length Deternnnation, 

For the actual determination of the wave-length of the oxygen green line 
the wave-length used as standard for comparision was X = 658fi*764 I.A. 
of the iron arc. This wave-length is one that is known to undergo a consider¬ 
able amount of shift due to pole effect when the standard 0 mm. (i ampere iron 
arc is used as tlie source of the radiation. As the radiation from the Pfund arc 
is free from all pole effect and gives sharper lines we used it m our determina¬ 
tion. St. John and Babcock* have given the value of the iron arc wave-length 
used by us for a standard as 5586*7651.A., while Monkf and also Meggers and 
KiessJ give it as 5586•764 I.A. The latter value was the one we used in our 
calculations. 

The procedure ailopted in measuring the wave-length of the oxygen green line 
was first to use Fiialon Ill and with it to photograph the interference rings 
produced by the light of the iron arc standard wave-length; then to expose 
another plate to the green line radiation, and finally to expose once more a third 
plate to the iron arc standard radiation. The exposures for the light from the 
iron arc varied from 2 to 5 minutes, and the exposure for the green line radiation 
from 40 to 60 minutes. The latter radiation was obtained from a mixture of 
oxygen and argon, with the latter in excess. The discharge tube was UK) cms. 
long and 1*5 cms. in diameter, and was operated with about 50 milliamperes 
from a 50,0()0-volt 5 k.v.a. transformer. Shifts in the fringes owing to 
temperature changes were reduced to a minimum by maintaining the room in 
which the photographs were taken at a constant tcbiperature not only for the 

* St. John and Babcock, * Astrophys. J.,’ vol. 53, p. 260 (1921). 

t Monk.' Antrophys. J.,’ vol. 62, p. 375 (1925). 

X Meggers and Kiera, * Bur. of Stand. Sot. Papers,' No. 47S (1924). 






Wave-Length of Green Auroral Line. 


523 


duration of the exposures, but also for a considerable time before making them. 
From measurements on the diameters of pairs of rings as demanded by 
equation (6) values for a were found from the two plates taken with the light of 
standard wave-length, an<l the mean of thc'se two values was adoptecl for the 
subsequent calculation of the phase constant S. A value for a, w^as similarly 
found from measurements on the ring system of the oxygen green line plate, 
and from these values of a and a* tht‘ constant was <letermine<l. In finding 
the integer m for insertion in equation (4), i.c. 

Av = -- vAijl j 

it w’as necessary to use values for Av, p,. and A|jl derived from a v*due of 
for which the possible error was less than the spectral range of the etalon used. 
As this range for Etalon Ill W'as 0-223 A, it W’^as quite perniissihlc to use the 
value X -- 5577-35 A for the evaluation of /w since fhe jmssible error in the 
value w'as <;eriainly not greater than 0*15, and in all probability was very much 
less. The procedure just indicated enabled us to evaluate m + ^5. From the 
number so obtained the integral part was the value of m recpiired. The 
following typical calculations wdll serve to show’ how’ Av, and therefore Xj., was 
evaluated:— 

Etalon III. 


Wavo-Ien>;th, 


5586-704 A 


5577-35 A 


6586-764 A 


on uii^. 


62- 741 

63 436 

63- fl47 

64- 369 
64-949 
65 674 
60-194 
66-596 

64- 272 

64 978 
66-489 

65- 906 


Right. 

Dminvti 

GO 209 

2-532 

59-530 

3 (KMi 

59-031 

4-010 

58 60S 

6-701 

62-504 

2-445 

61-792 

3 sas 

61-290 

4-904 

60 864 

»-727 

61-798 

2-474 

6M18 

3-8e() 

60-608 

! 4-881 

60-193 

■ 5-713 


i 

( I 


/ 

1 

1 

li 411 

I 

2 

0-723 


I 

3 

0 722 

15 2«.'> 

1 

4 

0-719 


2 

4 

0 704 

24-187 

— 

- 

- 

33-189 1 

Mtiai 

1 a 

0 717 

6 978 

1 

2 

M-65H 


1 

3 

0 661 

15-070 

1 

4 

0 667 


2 

4 

0 700 

24-049 

— 

— 

- 

32-799 

Moai 

j a =5 

0-072 

6-121 

1 

2 

0-697 


1 

3 

0-691 

14-916 

1 

4 

0-692 


2 

4 

0 683 

23-824 

— 

— 

— 

32-038 

Mcai 

i a 

0-691 
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Calculation of S— 

a^for Xri577*3r> 0*672. 

Mean a for X 0586*764 - 0*704, 
S (1 + 0*672) — 0*704. 

0*968 


Calculation of tn 
Av 




Viv 


\ I III ! 

Hr ' 

Uf 

5577-an '■ 
10“ 

5580•701 


- vA.a ). 

17029-602, 
17899-449. 


Av 50-215, 

[JL, - 1 -5100282, 
(Zr, -- 1 -5099835, 
Afi 0-0000447, 
2e == 0-92488, 

therefore 

m + 8 =r 42-935, 

therefore 

III —42. 


C/olcylalion of X, -- 
Av —- 


1 nil I 8 

il/ 2e 


vA(i.), 


[z 5577-35 ^ 1-5100282, 


(zj,, - 1-5099835, 
Afz - 0-<M)00447, 
2e -- 0-92488, 
Vk,= 17899-449, 


therefore 

therefore 


m + S = 42-968 (z« = 42, S = 


Av == 30-236, 

V, = 30-236+ 17899-449, 


-- 17929-686, 


= 0-968), 


therefore 


Xj, = 6577-343 the wave-length of the oxygen green line. 



Wave-Length of Green Auroral Line. 


525 


Having obtained the value a = 5577-343 A for the wave-length of the oxygen 
green line by the uae of Etalon HI, our next step was to follow exactly the same 
[»rocedure with Etalon IT in place of Etalon III. 

From measurements on the photographs of the ring systems formed by the 
oxygen green line <and by the radiation of the iron are of X --- 5586-701 A the 
value of the phase constant S was now found to be 0*()()6. 

Taking X^ - 5577-343 A and (jLj. -- I *5100283. it was ft)und that m -{- 8 - 
111*692. 

From the result /// — 111 and for the value of m -|- S after adjustment wo thus 
hud 

w ~j 3 111*066. 

By using this value and (Xj. = 1 -5100283, 2r 2*4029, 17899*449 and 

A[x =i= 0*0000448, it follows that 

Av " 30-245, 

therefore 

V, = 30-245 + 17899-449, 

= 17929*691, 

therefore 

X, 5577-340 A. 

Kepeating the procedure with Etalon I, the constant 8 was found to be 
“0*988 with Xjc taken equal to 5577-34 A, m 4 - 8 -- 145-973. This gave an 
adjusted value for m + 8 of 145-988. Using this value and taking 140425 

Av was found to be given by Av 30-254, from which Vj. = 17929-703 and 
therefore X^-= 5577 *337 A. 

Three determinations of the wave-length of the oxygen green line were made 
in the manner just described with each of the ctaloiis, and the values found are 
given in Table I. 

When the probable error of thcj mean wave-length was cahiulated from 
the deviations of individual determinations a value less than ± 0*001 A was 
arrived at. However, in ordf*r to allow for the possibility of systematic errors, 
we are placing the probable error of our result at ± 0*004 A, so that our state¬ 
ment of the wave-length of the green line in the oxygen spectrum is 5577*341 
± 0-004 LA. 

Plates 9a and 9n are reproductions of photographs taken with the 26000 
onler etalon when the light was concentrated into a narrow strip across the 
centre of the ring system. Plate 9a show's the section of the ring system pro¬ 
duced by the light of the oxygen green line. Plate 9b is a similar reproduction 
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of a section of the ring system produced by the light of the standard iron line 
X5586-764 A. 


Table I.—Wave-length Determinations. 


Oxygen green lino 
by Mcl^ennan and McLeod. 

Auroral groon line 
by Bi^'ock. 

Ktalon. 

Order of 
Interfeivnco. 

Wavo-length 

LA. 

^^'avp-length 

LA. 

Weight. 

IJI 

2A(KK) 

5577*3.18 

S677-34S 

2 

111 

25(KM) 

5677*343 

5.577*3.50 

1 

111 

25000 

5677*343 

5577*353 

1 

1 

71 

OriOOO 

5577*340 

.5577*314 

r, 

11 


5677*340 

5577 WB 

3 

II 

a5(M)0 

6577*337 

5577*372 

1 

T 

85000 

6677*337 

6677 *,1.5.5 

1 

1 

8.'30(N) 

6577*345 

5577*353 

1 

T 

SmNIO 

6577*34.1 

5677*350 

1 




5677*352 

2 




5577*352 

2 

Moan 

i wavodength »= Rl 

177*341 LA. 

Weighted mean — 

6577 MC T.A. 


In order to show the completed ring system, the lens D of fig. 2 was removed 
to allow the light from the slit to spread and illuminate a larger area of the 
photographic plate. The photograph reproduced in Plate 9o was taken in this 
way and shows the ring system for the oxygen green light. The total duration 
of the exposure was 18| hours. Plate 9d shows the complete ring system pro¬ 
duced by the light of the iron arc X 5586-764 A. 

In fig. 4 there is reproduced a microphotometer graph of a plate taken of the 
fringe system for the green line radiation when the 85000 order etalon was 



employed. It will be notioed that, even witii this high order of interference, 
the rings were quite sharp. The spectrum range for the 86000 mrier etalon, 
it will be recalled, wag 0-0656 A at X as 6677 A. Measurements on the curve 
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of fig. 4 showed that the width of a ring was about 6/13 of the distance between 
successive rings, and therefore gave a value of 0*030 A as the approximate 
width of the oxygen line X — 0577 *341 A under the conditions of our experi* 
ment, 

V. Conclmumg. 

In conclusion, it is desired to draw attention to the remarkable way in which 
the present work confirms the view put forward by McLennan and Shrura,* 
namely, that the green auroral line has its origin in oxygen in the upper 
atmosphere. 

The wave-length of the auroral line as given by Babcockf was 6577 *350 T.A., 
and the value we got for the green lino in oxygen was 5577*341 LA. The 
difference between the two determinations of the wave-length is therefore only 
0*009 A. It will be noticed from Table I, however, that in Babcock’s list of 
individual determinations he considered the one which gave a value X 5677 * 344 A 
to be the most reliable, and the one that gave the value X5577*346 A to be the 
second most reliable. The high weights placed on these particular values, 
namely, 6 and 3 respectively, may be taken to connote an even closer agree¬ 
ment between the two determinations than 0*009 would indicate. In any case, 
it would appear to us that the agreement in the wave-length determinations is 
amply sufficient to justify McLennan and Shrum’s identification of the auroral 
green line with the green line of oxygen. Additional support for this view is 
found, moreover, in the fact that we have shown the width of the oxygen green 
line to be about 0*030 A. Babcock, it will be recalled, found the width of the 
auroral green line to bo not greater than 0*036 A. 

We wish to take this opportunity of acknowledging our indebtedness to the 
National Research Council of Canada for financial assistance in carrying out 
the investigation, and one of us, J. H. McLeod, wishes to express his 
indebtedness to the same Council for the grant of a Studentship which 
enabled him to take part in this research. 

* McLennan and Shnim, * Roy Soo. ftoo.,’ A., vnl. 108, p. 501 (1926). 
t Babcock, ‘ Aatcophya. J.,’ vd. 67, p. 200 (1928). 
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The Hydrogen Band Spectrum: New Band Systems in the Violet. 
By (). \V. BrcHARi^suN. F.K.S.. Yarrow Research Professor of the Royal Society. 

(Received May 19, 1927.) 

Tli(» syht(*in of liauds described in this paper includes much of the strength of 
Iho s(»c«>ndary hydrogeti spectrum when this is excitinl by din^et edectron impact 
on the llo molecule and there are no additional eojnplications. 1 first observed 
it on a photograph of ilu* .spectrum of hydrogen at a pressure below 0*01 mm. 
of mercury, excited by a sharply limited electron stream,* which w^as kindly 
sent to me liy Mr. P. M. S. J31ackctt. This photograph, which w'as taken by 
Mr. Blackett, had insufficient resolution and dispersion for the identification 
of the lines of the secondary spectrum. Up to the pnvsent I have not been able 
to get sufficient intensity at low pressures to obtain this spectrum with the purity 
shown on Mr. Blackett’s photograph and the requisite resolution ; but by w'ork- 
ing at pressures of about O-S mm. I have, with the help of Mr. D. B. Deodhar, 
got some plates on the large quartz Littrow spectrograph at King’s College 
which show* this spectrum sufficiently enhanced and the rest sufficiently 
reduced for the main features to be recognised with confidence. 

The present paper deals with but a portion of what I have been able to 
arrange jirovisionally in this spectrum, but it is a unit which seems to be com¬ 
plete in itself, except that I am only able to give the Q branches of the bands, 
whereas there are indications, still insufficiently explored, that P and R branches 
do exist. There are tw*o band systems, the first very strongly developed. 
The luicleua (0 -►O Q (1) line) of the first baud is at X4633-95 (9) = v 21573*81. 
The Q branch of the 1 -*• 0 band is the series 20Q (m) of Richardson and Tanaka.f 
All the bands are degraded towards the violet, i.e., in the opposite sense to those 
in the systems described in Structure, Parts IV and V.J Each line of the 
bands is accompanied by a fainter component on tht? long-wave side of it. The 
intensity of the fainter line is usually about one-fourth of tliat of the stronger 
in terms of the numbers of the usual conventional scale of intensities, and the 
separation of the two lines is in the neighourhood of 4 wave-numbers. The 
final states of the present bands appear to be the same as the initial states of the 
Lyman bands in the far ultra-violet. 

• r/. Blackett and Franck, * Z. £. Physik/ vol, 35, p. 389 (1926). 
t Kicliardson and Tanaka, ‘ Roy. Soo. Proc.,’ A. vol. 107, p. 614 (1926). 
i Richardson, ‘ Roy. Soo, Proc.,’ A, vol. Ill, p. 714 ; vol, 113, p, 308 (1026). 
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It will be convenient to refer to this system as the A bands, and to denote the 
n* Q (r/t) line by the abbreviation Q (w?). The Q (1) lines are shown 
in such a way as to exhibit the vibrational changes in Diagram L The lines in 
the same row have the same initial vibrational state n* and those in the same 
column the same linal vi))nitionijl state In each square the first number is 
the wave-number of the main ii (i) line of the band. Of the two numbers 
which follow this in brackets, tlu' first is the intensity of the line as reeonliMl by 
Merton and Barnitt,* Tanaka,t or Deodhar.J The second la Dcodliar's estimate 
of th(i intcnsitv on a jilate taken with the luminosilv excitol with a sharply 
limited stream of electrons, ft will la* convenient to refer to this discharge as 
the “ held Jree *’ discharge, or f.f. dis<*harge for short. On Ihis ])Iate the faint 
component is not in general resolved from the main lino. The number below 
this gives the second difference of tlu‘ wave-numbers of the («/) lines of the 
band. The next number is th<‘ wiive-nuinber of th(» fainter component of the 

Diaokam I. 


Q (1) and Q' (J) Lines of A bands. 


\ Final 
\ 

n' \ 

Iiiiiml \ 

0 

1 

i 

2 

1 

3 

0 

2ir>73-8l (9) (10) 
13 54 

20260-71 (4) (7) 

19 74 

18084 34(0)(l) 
22 78 

i 

21570 50 (3) 

12 •05 

; 20256-78(0) 

1 19-18 

1808U 52 (i) 
22-70 


1 

23l)33-n9(t)(10) 
12 48 

1 22020-75(1) (3) 

1 15-08 

21314 20 (5) (7) 
20-85 

20007 75 (irf*)(.') 
20-48 

1 

23929-91 (1) 

12 82 

i 22010 01 (1) 

1 17 34 

21340 30(1) 
21-23 

2IHI93 -50 (rrfq 
26-27 

- 

202t>l 75(^)(y>) 
10-82 

2«I55-.57(1)(5) 

15-85 

23077-10(3' (7) 
20 15 

22431-48 (2) (4) 
25-88 

2«2«l-75(/)) 

24047 -30 (r/rf) 

12 82 

23077-16(3) 

22-07 

22427-41 ip) 

26-51 

3 


27247-81 (r) (0) 

U 94 

25071 06 (0) (3) 
10-53 

2472;i-(l6(I)(5) 

21-02 



25000-81 (y) 

> 20-02 

24718-03 (p) 


• ‘ Phik Trans.; A, vol. 222. p. 361) (1922). 
t ‘ Roy. Soc. Proc.; A, vol. 108, p. m (1925). 
t ‘ Roy. Soc, Proc.; A, vol. 1)3, p. 420 (1920). 
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Q (1) line, followed, in brackotR, by the intensity asBigned to the line in th(‘ tables 
referred to above. It is convenient to indicate the fainter components by a 
dash, thus: „A(/ or Q' (/«) to indicate the fainter components of ^Aq or 
„Ap Q (wO respectively. The small number below this is the second difference 
of the vibration numbers of the Q' (m) lines. 

The lines satisfy the combination rules that for any four ndjacent squares 
the sum of the frequencies is the same for each diagonal. This applies both to 
the Q (1) and to the Q' (1) lines and also to any similar diagram constructed 
with Q {m) or Q' (w?) hues with values of “ m other than 1. The hues are 
enhanced in the field-free discharge. The ehief excejition, J8984'31 (0) ^ (I), 
is much too strong for its place in the hand ainl is thought to ho mainly something 
else. The other, 2G261 *75 (p) (p), is a faint line in a little c-xplored part- of 

the spectrum whose wave-number is much too low for the main line. It is 
probably either the wrong line or is mixed with something else. It is interest¬ 
ing to note also that lAg Q (1) “ 21IM4*2t5 is enhanc<‘d relatively less than the 
others (5) ► (7). This line also does duty as Q (2), where it was pointed out* 
that its intensity was too high and its wave-number too low. Probably most of 
the strength of this liiu‘ belongs to the present systimi. The most intens*» band 
of the system is the qAq band, and the strength falls away in every direction 
from the left-hand top corner of Diagram 1. Relative to the others the intensity 
of jAj Q (?w) seems low ; otherwise the intensity distribution among the different 
bands seems regular. The only line of any stnmgth which does not possess 
a fainter component close to 3-7 wave-number on the long-wave side of it is 
gAg Q (1) = 23677 *10 (3) (7), and this is recorded by Merton and Barratt as an 
unresolved doublet. The second differences increase in proceeding horizontally 
from left to right in Diagram I and diminish in proceeding vertically from above 
downwards in the manner which is usual in vibration band systems when the 
bands are degraded towards the violet. The second differences in these Q branches 
are not constant, and there are some irregularities and missing lines in the 
weaker bands, so that any differences which may appear in the values of the 
second differences for the Q (m) and Q' (m) branches for a given band are 
uncertain. It cannot be said that the differences of these second differences 
for the same band in Diagram 1 are greater than the uncertainties in the second 
differences themselves. 

The lines arc shown in Table I. In each square of this table the first number- 
is the wave-number of the main line, followe.d, in brackets, by (1) the intensity' 


* Fart V, loc, dt, p. 383 ; Part IV, p. 733. 
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^asHigned to it in the tables of Merton and Barratt, Tanaka or Deodhar, and (2) 
the intensity assigned to them by Deodhar on the f.f. discharge plate already 
referred to. The letters T or I) underneath indicate that the lines are to be 
found in Tanaka’s or Deodhar’s tables respectively. The other letters denote 
the charact(!r of the lines as given in Merton ami Barrutt’s tables with the 
abbreviations H.P. - - high pressure, L.P. ™ low pressure, CM). — condensed 
disc*harge. He -- helium effect, Z -- Zeeman effect, and S Stark effect. 
These are followed by claims made by other systems, riiderneath, th(‘ same 
information is given with respect to the hunter constituent. The lines enclosed 
in rectangh's are abnormally strong. Many of them are probably eases in which 
strength from other systems c(»vcrs up a taintcu* member of tin* j)resent bands, 
but others may prove to b<* genuine abnormalities. Most of them come up in 
the f f. discharge. 

In contrast to the. — nm system many of the strong(‘r lines of the present 
system show the /(‘onian effect. It appears to be the vibrationless initial 
states which correspond to the magnetic field, but it is not universal. The 
strong lines of the lAo band are specifically niarki»d Z - 0 in Merton and 
Barratt's tables. In the jAj band, which for some reason is weak com{)ared 
with the liands which surround it in Diagram I, nearly all the lines are 
enhanced by helium. There are a fair number of interferences with lines of 
the 2cr — mn systems of Part V and with Allen and Sandemairs II and with 
various odd arrangements which [ have proposed. In, 1 think, evi'ry case 
of interference with 2rr — mn the lines are too strong in one system or the 
other, generally in 2<t — wtc. Some of th(»se casi‘s have beim noteil in 
Structure,” Part V. In moat of the other cases thiTc is evidence that 
the interferences arc gcnuiiu*. Such interh'rences are likely to have a inorts 
serious effect on the wave-numbers of the weaker lines of hc^her rotation quantum 
number, and it is very satisfactory, as will ajipear below, that the term data 
got from the stronger Q (1) lines show an excellent mutual agi*eement. 

The intensity of the lines of those bands exhibits a very pronounced alterna¬ 
tion. This is w'ell shown by an examination of the jA^j band, which is the most 
fully developed and extends to 7 lines. The* int^msities of theses are : 

m > . 1 2 3 4 5 b 7 

Int, (M. &B.) . 4 2 3 1 2 0 i) 

Int. (f.f.d.) 10 4 8 2 (> 2 3 

The second differences of the Q branches are neither constant nor of the type 
which arises from a term in the energy which is proportional to the fourth jiower 
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of the rotational quantum number. Apart from some irregularities, they seem 
to be of the type shown by Q (m), in which the second difference first increases 
an<l then falls away as “ m ” is increased. The behaviour of this band 
(20 Q (at)) has already been described by Richardson and Tanaka.* 


Tabic I. 



0*^0* 

oA|. 


y(l) 

21673-81 («)* (10) 

20200-71 (4)(7) 

IH984 31 (0) (1) 


He+,/ 

Z 

He 0 1.54Q (7) 

QMl) 

21.570-50 (3)* (10) 

202.50-78 (0) (0) 

1898()-.52 (r)(?) 



U.l*. i 1 203P (4) 


y(2) 

L'lJiSS-.M (3)* (10) 

20270-03 (r) (a) 

nKH>7-25 (0) (a) 


z 

I) 

T 

Q' (2) 

1 21.583 45 (I0)*j (10) 

j 20-269 22 (3)| (1) 

IlKIUI 87 (4)| (p) 


He 1 , Z 


L.l*.-t-+He h 

Q(»> 

21013 *76 (4) (4) 

20314 HO (0) (r) 

10061-30 (0) (o) 


HIM 1-,HbO, 

«(») 

60H(1) 

He-h 16411 (5) 

Q' (3) 

2160«-.53 (0) (•') 

20.300-50 (0) (?) 

19046 2-1 (r) («) 




1) 


21655-43 H(?«) 

20300-00 (1) (-a) 

19121-56 ip) (0) 


He 1- 1- 

UP.+ 1-84Q (4) 

T 

«'(*) 

21060-73 (3)* [(8) 

j 20385-80 (2)[ (1) 

t 1 10116-02 (2) |(0> 


n.P. h fO.TJ.=,i9,Q(l) 

L.P.++C.1>. I-He 1 104Q(2) 

L.P.4- +He f- h 

Q (S) 

21707-79 (0)(1) 

20439-11 (2) (1) 

19209-38 (0)(p) 


H.P. + Hef-mP(r>) 


lliaP (.3) 

«' (5) 

21702 62 (r)(?) 

2043.5-80 (7) (?) 

10200 05 (0) (?) 


1) 

T 



* TheHP lilies aro mixed with others on the f.f. discharge plate. Where theKo are in the sanio 
bquare the two lined are unrcaolvcd, 
t Unresolved doublets (M. and B.). 


• • Roy. Soo. Proc.,’ A. voL 107, p. 614 (1925). 
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Table [- -'(routmued). 



.A.. 

|A*. 

jAg. 


Q(i) 

2303» (;u (4) (lU) 

22020-75 (1)* (3) 

2i:m-26 (5) (7) 

20097-75 (),F) (*) 

Q'(l) 

231UU »1 (1) (?) 

C.U.+ Ho 1 S 

22010 01 (1)* (3) 

LV.-f(Z-0)^j 

«(2) 

2130>-')»(1)(?) 

1) 

20093-.79 (irf-') (') 




H.P. i 

'> 

W(2) 

2:ji44 «U (2) (4) 

22037 10(1) (1) 

21365 65 (3) (1) 

20122 75 (0(?) 



Hf-1-20411 (5) 

H.K + -:-(Z -0) 

I) 

(2) 

2:i»;)S)-42 (r) (?) 

22031 80 (3) j (3) 

1 21339 02 (2)j (1) 

j 20118 12 m\ (0) 



Hef-f.Z, S112g 
(3)20414(1) 

f-P 1 ! 


«(3) 

2;i9ti<i «8 (:i) (8) 

22000-49 (2) (0) 

21404 20(0)* (0) 

1 2<il73 01 (;l) »'(2) 

1 1 




L.IM 1- 

(IU-0) 

V (3) 

23958 04 (rd) (?) 

, 22057-81 (4)| (8) 

21401 22 (3)* j(0) 

1 20H)H-77(.1)* [(2) 


T ll<.cQ(r>) 

H<- 1 KZ.S 

H.P.-l-i (Z-0) 

(He -0) 

Q W 

24001-88(1) (2) ! 

! 22710-74 (1) (3) 

21408 35 (I-) («) 

20253-iHl (1) 


1 

J. P. i- 1 Ho+ 

T 

203P (2) 

Q' w 

2300tl 47 (nJ) (?) j 

22712 30 (0) (?) 

21403-23(1) (a) 

20251 :m{i)C*fi) 



Hof- f 

H.P. t 


Q(5) 

24050-77 (2) (0) j 

22777 -44(1) (2) 

2ir>.52 28 ((») (?) 

20361-2-HO 


IhO.UciQOV 

H<*f + 

tiOR (.1) 

T 

Q' («) 

24041 0-[-(«) 

1 

i| 22777-44 (1)| (2) 

21546 l.>(jj)(?) 

20356 44 {q) (’) 


X , 

J He H- 

T 

r 

Q(0) 

24111-65 (0)* (2) 

22800-00 (p) (0) 




S 

T 



«' (8) 

24m-78(g)(?)T 


i 


Q(7) 

24182 02 (0) (3) 

22urr3-9tt (0)* (0) 



1 

S,r,Q(2) 




Q' (7) 

24176-72 (r)(?) 

22058 -26 (0)* (0) 


j 


D 

L.P.+ 


__ 


* These luiea are mixed with othora on the f.f. diaclmrge plate. When* art in the aame 
square the two lines are unresolved. 
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Table I—(continued). 



<J( 1 ) 

26261-75 (|))(^) 

24956-67(1) (5) 

t23677-16 (3) (7) 

22431-48 (2) (4) 


T 


L.P.-f 

(He=0, Z=0) 


26261-75 (p)(p) 

24647-.30 {qd) (?) 

{23677-16 (3) (7) 

22427-41 (i>) (?) 


T 

T484Q{3)Hi,aQ(7) 

L.P.+ 

T 

<J( 2 ) 

2627rr27 (nr) (f) 

1 

24964*30 (g)(?) 

23692*92 (0) (0) 

22451-88(1)* (3) 


Vl{r) 

T 

T, 84 Q( 2 ) 


Q'( 2 ) 


j 24058-39 (1)| (?) 

23684*22 (r) (7) 

22443-52 (q) (?) 



L.P. i fl80P(4) 1 

1) 

1 ) 

Q(3) . 

1 20287-22 (2)| (5) 

24987-03 ( 0 )* (2) 

23722*26 (p) (0) 

1 22489 69 (3)| (5) 


LP.+ + ? 201 l{ 6 ) 

484 Q(i) 

T 

Z| s 

Q'(3) . 


24976 78 (1) (2) 

23717*69 (r)(?) 

22181-81 ( 7 )(?) 



L.P.++ S 

1 ) 

T 

QW 

26307*76 (/!)(/)) 

25018-04 (r) (?) 

j 23773*77 ( 6 ) ( 8 ) 

22659*76 (0) (1) 


T 

1 ) 

1Ic«Q(5) 



26301*05 {rd){?) 

{26013-61 (}*)(?) 

1 23708 50 (1)| (?) 

22555*95 (0) (?) 


D 

TIIucQd) 

h.V. 1- I- 

7 20P (4) 






y(6) . 

26346-71 (0) (1) 

25074-73 (l)j (. 3 ) 

23847-70 {})(p) 

22667-81 (4)j ( 8 ) 

<J'{5) 



T 

23842-00 (f) (?) 

H4'++, z, s, 

iAi«'(3) 
22661-60 (I)(?) 




D 



• TIu’ho lines are mixwi with others on the f.f, ilisoharge plate. Where these ere in tho^semo 
jsquare the two lines are unresolved, 
t Unresolved doublets (M, and B.), 

j A 3906*71 not completely lesolved from A 3997*18 ( 2 ) where measured by Tanaka. 
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Table I—(continued). 



sAj, 

.Ai. 

jAj. 

9^9* 

Q(l) 


27247-81 (r) (0) 

25971 *00 (0) (3) 

24723*05(1) (5) 



T 


T Q (2) 

Ill, Mi (1) 

Q'd) 




25968-81 (9) (?) 

2471H 03 (p) 





T Ui{«Q(n) 

T,r,Q (.'•.) 

Q{2) 


27268 <28 (r) (r) 

26092 *25 (;>)ji 

21750-00 (f) (?) 



T 


T 

T 

Q' (2) 




25!)81 65 (no) (rd) 

247H 21 (rd) 





D 1 (r) n.fcQ (4) 

TlliiaU (3)6B(1) 

Q(3) 

1 


27283*67 (0) 

[(1) 

2fl023*9l (r) (r) 

21790*03 (r){'*} 





n 

T 

Q'(3) 




20017*88 (r)(?) 






T IlKaR(4)BcQ(3) 


Q(*) 


27323*97 (r) {p) 

20077*09 |f)(?) 

24K»i7 08 (f) (f) 



D 


D 

D 

Q (<) 




2(i072 76 (t) (rt) 

24807 *08 (r) (r) 






r> 

<1(6) 


2737B-2e (rd) (r) 

26148-78 (qXr) 

1 24968-39(1)* | (S) 



D 


TAQW 

180P(4),A,Q'(2) 

Q' (0) 





j 24960-77(1)* I (6) 






.A,Q(1) 


♦ Thwie lineff are mixed with dthors on the f.f. dioehar^e plato. Where these are tit the same 
square the two lines are unresolved. 

§ A 384(1 *21 {p) (T) mixed with A 3845* 63 (^d) (T) is cnhancedio intensity (2) in f.f. dischaiT^e. 


The initial vibration term differences arc given in Table II. 


2 o 


VOL. OXV.—A. 









536 


0. W. Richardson. 


Table II.—Initial Vibration Term DifEerenccs. 


m 

1. 

2. 

3. 

4. 

5. 


2369'88 

2369*10 

2352-92 

2346*45 

2342*98 

,A, - AQ'(“) 

23fi0-4l 

2365*97* 

2352*11 

2346*74 

2339*38* 

,A, — ^,Q(m) 

2300*04 

2360*26 

2361*09 

2347*66 

2338*33* 

lAi - 

2359*83 

2362*58* 

2348*26* 

2340*41 

2341*58 

iA| — oAgQ(^) 

2369*92 

2358*40 

2362*84 

2346*39 

2342*90 

,A, - ,A,Q'(m) 

2369-87 

2367-75* 

2364*98 

2346*31 

2339*50* 

Weighted means 

23fie-83 

2359*10 

2352*21 

2346*41 

2342*94 






2339*49 


\/ \/ \/ \/ 

Differenoes ... 

0>73 6-89 6'80 3-47 

■ 




or 6-92 7 

— iA0Q(9n) 

2328 06* 

2330*63 

2320*54* 

2306*88 

2296*94 

,A, - ,A,«'(»») 

2331*84 



2304*68 


tAi “ iAiQ(w>) .. . 

2336*02 

2327*11 

2321 14* 

2301>90* 

2207*29 

.a! - IaIq'cw) . . . 

2330*69* 

2326-69 

2318*97 

2301*21* 


•A, - ,A,Q(m) 

2336*18 

2327*27 

2318*00 

2306*42 

2296-61 

tA, - .A,Q'(b.) 

2334-77 

2324-60* 

2316*37* 

2306*33 

2206*85 

gA| iAsQ{fn) .. . 

2333*73 

2329*13 

3316-68* 

2306*76 

2296*61 

.Ag « iAgQ» 

2333-82 

2325*30 

2313 04* 

2304*59 

2295*16 

Weighted means . . 

2330-10 

2327*19 

2318*00 

2305*55 

2295-81 


\/ \/ \/ \/ 

Differenoos . . 

7*91 9*13 12*61 9-74 

fA| — |AjQ(m) 

2292*04 

2293*98* 

2295*94* 

2305*33 

2304-43* 

fAg — «AgQ(fli) 

2291*72 

2299*33* 

2301*06 

2304-22 

2301*00 

•A, - ,AgQ'(m) . 

2291-66 

2297*43 

2300-29 

2304-20 


gAg — gA,Q(m) 

2292-17 

2298*21 

2300*34 

2307-32* 

2300*68 

.Ag - gA,Q'(m) .... 

2290-62 

2300*09 



2304*17* 

Weighted means 

2291*98 

2297*43 

2300*73 

2304*21 

2301- 



Diffetenoes 

-6-46 -3-30 -3-48 -1-3-2- 


The figures marked with an asterisk in Table II depend on one or more lines 
which are abnormally intense or otherwise irregular, and they have been left 
out of account in deciding on the probable correct values. Many of the oases 
which have an error of about 2 or 3 from the mean are probably due to the 
combination of the individual lines of one band with the two constituents un¬ 
resolved in another. On the whole the agreement seems as good as is to be 
expected when the weakness and high wave-numbers of many of the lines is 
taken into consideration. 

These initial vibration term differences are very peculiar. The 1 0 and 

2 1 terms start by diminishing in a fairly normal way as “ m ” increases, 

but when “ m ” reaches about 3 or 4 the rate of diminution with increasing 
" m ” begins to fall off. The 3 2 terms start by increasing and then diminish 
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as “ m " increases. This is in marked contrast to the quite normal behaviour 
in this respect of the initial vibration differences of 2o — mn described in 
“ Structure,” Part V. It is probably connected with the peculiar behaviour of 
the difference's of the Q branches of these bands. 

The final vibration term differences are given in Table III. 

These figures show that the variation of the vibrational term diffenuicos with 
increasing rotational quantum number are, in contrast to the initial states, of 
almost normal type for tlie final states, the second differences being almost 
constant. Even here, however, there is an indication of a rise aiul subsequent 
fall of the second difference as ” increases. As a first approximation 
I shall disregard this irregularity and analyse the data by th(* method utw'd 
in “ Structure,” I’art V (p. 408). For the 1 0 final vibration term differeneos 

the successive second differences 3-61, 4*44, 4-54, 5-7 and 2*9 have a moan 
value 4*22, for the 2-► 1 terms the second deferences 3-18, 6*79 and 3*99 
have a mean value 4-65, and for the 3 -► 2 terms the second differences 4*22, 
9 *71 and 4-59 have a mean value fi'17. I take half the mean of the first tw'O, 
which are in close agreement, viz., 2 *22 as the value of 3/26)o«® (1 -f 26). Here 
coq is the vibration frequency at infinitesimal amplitude, u — A/47C*Jq«Ooc', Jo 
the moment of inertia of the excited molecule in thc' rotationlesa vibrationless 
state, “ c' ” the velocity of light and 6 ” the constant in the expansion. 

(a, a, b, 0 constants, p = r/ro, e = rlr^ — 1, »• being the instantaneous and 
the equilibrium distance between the nuclei). 

To determine coq we have, from the 2, 1 and 0 vibration states Q (1) data, the 
relations l/wfEa — E^) = Wq (I — -)-...) == 1276*42 and 1/n (E^ — EJ = 

«o (1 — a: +...) = 1313*26. These give e>oX — 18*42, and, after adding the 
small correction for the effect of the rotational on the vibrational energy as 
in “ Structure,” Part V, eto = 1336 * 68. The data under discussion arc collected 
in Table IV. 

The numbers in the third and 'fifth columns give only two equations to 
determine the three unknown quantities u, b, and c. If we assume c=0, we get 
tt=4*17x 10"*; and if we assume 6 = 0, we get M = 3*616 X 10"*(andc = 
— 0*738). These values differ by about 20 per cent. The values in the table 
are those got by atumming c = 0. The corresponding values found in Fart V 
for the 2(7 state are given in the lost row of the table. The closeness of the values 
of «Ugt Jq and fg found for the present 2 state, and the 2a state is not warranted 

2 o 2 
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Table III.—Final Vibration Term Differences. 


1. 

2. 

3. 

4. 

6. 

6. 

7. 

1313 10 

1308-61 

1298-M 

1280*34 

1268-68 



1313-72 

1314-23* 

1206-97 

1284-84* 1 

1266-66 



1312-04 

1307-46 

1300-10 

1286-14 

1273-33* 

1244-06 

1218-96 

1313-30 

1307-62 

1300 83 

1284-17 

1261-46* 


1218-46 

1306-08* 

1310-07 

1290-50 

1280-10 

1266-01 



1314-46 


— 

1287*64 




1313-20 

1308-04 

1200-31 

1280-14 

1268-43 

1246- 

1218-71 


jA,—iAjQ(nt) 

,A.-,A,Q'(m) 
iAf—|A]Q(ni) 

Weighted meani. 
lit diffeienoei 




\/ 

S-73 


1^(7 


l^^l 


\/ 

23-43 




2nd 1, 

1 

\/ 

\/ 

\/ 

\/ 




3-61 

4.44 

4-64 

6-7 


oA,-oA|Q(»») 

1276-37 

1260-68 

1263-44 

1247-13 

1220-73 




1276-26 

1267-36* 

1263-32 

1248-97 

1220-21 



jAj—jA|Q(trt) 

1270-40 

1271-64 

1262-20 

1248*30 

1226-16* 



jA|—|A|Q (wi) 

1276-22 

1272-18 

1266-60* 

1240-07 

1231-29* 




1276-43 

1271-38 

1266-37* 

1244-87* 

1226-04* 




1270-14* 

1274-17*^ 

1250-19* 

1244-06* 




A-.A,Q(n») . 

1276-76 

1260-03* 

1269-66* 

1245-08 

1230-47 



Weighted meanB 

1276-42 

1271-46 

1263-32 

1248-30 

1220-47 



Ist diffeienoes 

l^M 1^02 



2iid „ 



\/ 

6-79 

\/ 

3-99 




iA|-iA,Q(w) 

1246-61 

1242*00 

1231*10 

1215*36 

1101*08 



,A,-,A,Q'(m) . 

1246-80 

1241*40 

1232-46 

1211*87 

U89*7l 



jA|-“ jAjQ(iii) 

1247-86 

1241*04 

1232-67 

1214-01 

1189-98 



tA|"*|AsQ^(wi) 

1247-76 

1241*70 

1236-78* 

1212*61 

1100-40 



•A|“*AjQ(m) 

1247-41 

1242-16 

1233-88 

1 1210-91* 

1190-40 



;A;-^,Q'(m) 

1248*78 

1237*44 


i 




Weighted means. 

1247*87 

1241*70 

1232-61 

1 1213-01 

1100-12 



\/ \/ \/ \/ 



lit diffeiencei 

6-07 0-19 18-00 23-40 





\/ 

\/ 

\/ 




2]id .1 


4*22 

9*71 

4*60 





1312*17 

1310-80 

1208*79 

1290-32 

1276-09* 

1249-67 

1222-31* 

- 


1300-14 

1297*38 

1284-04 

1266*06 

1241-68 

1216-06 


1311*96 


1812*14* 





A-iBiQ'tm) 

1314-86* 







Weighted means 

1312-00 

1308-47 

1298-00 

1287-10 

1260- 

1246-68 

1218- 

•B,-oB,Q» .. 

1276-63 

1267-32* 

1282-<» 

1249*55 

1231*02 



1278*03 

1271-82 

1264*14 






1277-01 


1260-02* 





A-;B.Q'(m) . . 

1270<84* 







Weighted means 

1277*19 

1271*82 

1263-10 

1240-66 

1231-92 



gBj—QB5Q(ta). 

1248-03 

1244*68 

1230-16 

1213-16 

1188-6- 




1246*69 

1230*20 

1228*12 


1106*8- 



a-:b,q(«) .. 

1263-48* 


1228*76 





»B|—iB|Q'(«i) .. 

1246-66 







Wdghted meane 

1247*09 

1241-0- 

1232*14 1 

1 

1213*16 

1 

1100- 
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by the accuracy of the method and is likely to be fortuitous. In fact, as these 
bands are degraded towards the violet, it is probable that wtOy will be appreciably 
lower and Jq appreciably higher than for the 2a states. 

The values for the initial 3 state in the second row of Table IV have been got 
in a similar way, except that the values of 3/2coott® (1 + 26) are got from the 
vertical variation of the rotational second differences in Diagram I. This 
variation is small and the second differences are not constant and arc subj(‘et to 
considerable errors, so that the method is very rough. The figure 41 for atoQ 
should be about 13 units higher than the value for the final 2 state to agree with 
the second difference of the 0 0 lines. As both the rotational and vibrational 

second differences vary in a way which is not accounted for theoretically, it is 
doubtful how far the method is to be relied on, and the figures are only put in 
as indicating that the propc^rties of the lines are not incompatible with the 
correct value of th(! njoment of inertia of the molecule in the 3 state. It is 
possible that the puzzling features of the initial states might be due to something 
wrong with the arrangement of some of the lines, but this does not seem likely. 

The distances between the doublets are shown in Table V. 

The AQ(1) doublets behave quite regularly and show a steady increase in 
the doublet distance with increase in both initial and final vibration number. 
With the values of m > 1 there are so many interferences with these weak lines 
that it is difficult to be certain what these lines are doing, but they look to have 
an increasing separation as increases. It is pretty certain that the 

existence of some staggering must be admitted if these doublets ore real. 

Apart from irregularities, all the Q branches of the A bauds are of the type 
in which the second difference is equal to the first first difference, the 
successive first differences are in the ratio 1: 2 : 3 : 4 : 5, etc. This makes 
p ~ -f- J in the formula v Vy + (B — 6) {m — p)^. In the 2a — mn bands this 
ratio is 2 : 3:4 : 5, etc., requiring p = — 

The B bande. 

In addition to the A bands there is another system fiirthcrout in the violet 
and extending into the ultra-violet which has the same final states as the A 
bands. It is less strongly developed than the A bauds, but the leading lines 
are strongly enhanced in the f .f. discharge and there is an indication of doublets 
in its structure, though a number of them appear to have closed up. However, 
it is doubtful if the resolution which has been brought to bear on this part of 
the spectrum would separate these doublets in many cases. The first differ¬ 
ences of the successive lines ore approximately in the ratio 1:2:3, etc., so that 
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Table V. 



1. 

2. 

3. 

4. 

6. 

6. 

7, 

A-.A'. 

3 31 

2*10* 

7*23* 

4*70* ' 

6*27 


1 

qAi — 

3*93 

7*71* 

5 24 

3-20* 

3*25 



^ bA'j 

3-82 

5*38 

5*12 

6*04* 

2 73 



iAg “ |A'^ 

3-78 

5*22 

8 04 

5*41 

8-87 

4*77 

6*20 

iAj lA'j 

414 

5*39* 

8*08* 

4*44 

otw* 


5*70 

A — A' ^ 

lAj — lA B 1 

3-87 

803* 

2*98 

5*12 

6*13 



lAj — ^A'b 

4*16 

4*63* 

4*24* 

1*64 

4*76 



iAi — |A\ 

8*47^ 

6-91* 

10*86* 

513* 




— lA'a 

O-OO* 

8*70 

4*67 

S-21 

5*70* 



gAji — |A'a 

4*07 

8*38 

7*88 

.3-81 

6*21 



bA] — aA'a 

4*26 

10*60* 

6*13 

6-23 




.A. - aA', 

5*02 

5*88 



2 62* 



qBq — oB 0 


10*60* 

7*36 

e-28 

8*13 

7 99* 

11 10 

iBi — bB\ 

6*07 

5 52 

5*95 

0-00* 

0*00* 

0*00* 

4*94 

oB, - oB'i 

«*67* 

0*84* 

8 04* 

0-00* 

O-UO* 



•Bj — oB'a 

5*2:1* 

4 46 

0*00* 

O'Oe* 

8*28* 



tBa - iB'o 

11*10 







iBi - iB'j 

13*80* 







iBa - iB', 

6*9:i 








Tho astonska indioalo that one or mtjro abnormal li lea in involved. 


p = -f-1, as for the A bands. The only bands which arc well developed are those 
with the initial vibration state 0, which I denote by „Bj, ^B, and aBj. The 
bands with initial state 1, viz., ^Bg, and ^B,, are each represented only 

by 2 lines, those for which m = l and m ~ 3. fn the A bands and also in the 
gBg bands the two strongest lines are, in general, those for which rn — 1 and 
m = 3. The lines with their properties are set out in Table VI, in the same 
way as the lines of the A bands are treated in Tabic I. 
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Table VI. 





27133-88 ( 2 ) (7) 

26821-71 (2) (7) 

24646*18(1) (2) 

L.P.1 

L.P.++, Hell,» 

268l()U4(l)(S) 

L.P. M . S 

24538 61 (1) (j 

1»3P (3) 


23207 15 (9)(?) 
Ta»aQ(2) 




27143-38 (f)(?) 
m (r) oB,Q' (3) 

I 27133-88 (2)| (7) 

l7pTaQ(1) 


27150-74(1) (4) I 

27143-38 (f)(?) 

D1 ( r),BoQ(2) 
27168-10 {rd) (a) 

1> 

27101 88 ( 9 ) ip) 

T 


27180-21 (r) {p) 
T 

27181-08 (r)(;i) 
T 


j 27207-25 (1)| (7) 
UP.+ 

27100-26 (r(2) (rd) 
m (f) 


27233-66 (ret) (r) 
DI(r) 

27222-37 (r) (r) 
T 


26832-68 (0) (0) 24506-26 (4) ( 8 ) 

26827-04 (0) (?) 24665*42 (1)1 (4) 


25851-05 (1) (3) 24580-00 (1) (4) 

HoO, S 

26846-00 (i>) (?) I 24581 -86 (4)| ( 8 ) 


26877*84 (2) ( 6 ) 24628-29 (0) (1) 

iBiQU)_ 

26877-84 (2)| (0) 24628-20 (0)| (1) 

isTqo) 


26014-12 (0) (0) 24682-2- [ < (7) 

T 

1 25014 -12 (0)1 (0) 24682 -2- [- (?) 


25057 -58 (0)(3) 

S 

25067-58 (0) (3) 
8 


26011-26 {rd) (r) 
D 

26006-31 (r) (?) 
1) 


23320-68 (r)(?) 
I> 

23316*22 Ip) (r) 
T 


23353-74 (/>) (])) 
T 

23353-74 (p) (p) 

T 

23415-14 {qd) (r) 
D 

23416 -14 (qd) (r) 
D 


23403-70 ( 9 ) (r) 
TAQ(l) 
23485-42 ( 9 ) (r) 
TAy(2) 
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Table VI—(continued). 



iB,. 1 

1^1* 

i 

iB,. 

j .B.. 

Q(i) 

29447-3tt(l) (3) 

28135*41 (r) (a) 

T 

1 

26858*40 (U) (1) 

n.l*. t 1771* (4) 

25001*02 (r(f)(?) 

D 

Q'(l) 

29436-17 (0)(!) 

?28121-81 (0)|(a) 

26861-47 (r) (r)* 

25604-92 (rd) (?) 



L.P.+, 1881* (3) 

1)1 (r) 

1) 

■ 





Q(3) 

1 2U472-27 (!■(«) |(r({) 

28160-13 (rd) (a) 

20803 *21 (r) (/>) 

25664-45 (no) 

Q' (3) 

W (r) 

j 

1) 

T 

20893*21 (r)(p) 

T 

D1 (rw) 


• X 3723' 14 (r) not completely resolved from A 3723*68 (r). 


The final vibration term differenees of the B bauds are given in Table III, 
and it will be be<*n that they agree satisfactorily with thost* for the A bands. 
The initial vibration differences are given in Table VI. 


Table VI. 


m4, 

% 

>%«r 

o»o 

iB,- 

.B, 

,B',- 

.B,- 

.B',- 

*B,- 

.B. 

iB',- 

1 

Mean. 

1 

9 

2313-48 

! 

2313-70 

230517* 

2313-22 

2312*86 

2307*77* 

2313-00 

2313*25 

3 

2321-63* 

— 

2308-18 j 

— 

2307-33 

— 

2310*71 

— 

2307*76 


and the doublet distances in Table Vll. 

To investigate the bauds further I made the tentative assumption that the 
A bands correspond to the 3 2 and the B bands (as tabulated) to the 4-^2 

electron jumps. Then the magnitudes require that the 5-^2 jump should 
give a C band with a nucleus very close to the line 29678*61 = 3368*47 (6) (0) 
L.P. +. This lino occurs in f.f. discharge, but apparently is not enhanced. 
If this is oCq Q (1), the Q (1) line should be at 28366*36 and does not occur 
in the tables. (It is coincident with a Hg line X 3624*27 (2) — Diffuse IP — 7D.) 
The line oGj Q (1) could be 27090*96 (0) (1) = X 3690*22 and the „Ca Q (1) 
line could be 25846*00 (p) (?). T = X 3867*98. There are no other lines, 
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Table VII. 



1. 


3. 

4. 

5. 

6 . 

7. 



10-50* 

7-36 

0-28 

8-13 

7-99- 

11-19 

oB,—(,B'j 

6 07 

5-52 

5-05 

0-00 

000 

000 

4*04 


0-57* 

0-84* 

8 04* 

000 

000 





4-40 

0-00 

000 

8-28* 



iB.-,B', 

11*10 







iB,-,B', .. 

13*60* 







iB,-,B', 

0-93 








but this is not surprising, as the (»lcetronic energy is getting very elose to the 
ionisation pot(>ntiaI value and these states must be very unstable. 

Dickc and Hopfield’H data on the states in the ultra-violet bands have been 
calculated on the fomiulao of the wave-mechanics, so that in order to compare 
with their results 1 have calculated the null frequencies Vq of the A, B, and 0 
band systems with the formula) of the wave-mechanics. Strictly, there are 
only enough data to do this properly for the A bands, so for the B bands I 
assumed that the differences of the initial vibration frequencies to be the same 
as for the A bands, and I assumed values for the C bands extrapolated from 
the data for the A and B bauds. These assumptions do not exert any profound 
influence on the results of the calculations. The null values were found to 
be : for A, = 21060*66; for B, v,, == 266119*49 ; and for C, Vq = 29212*98. 
I then calculated a Hicks formula to fit these values of and found it to be 

_ 109678*3 _ 

0 •08926 + m = S, 4,6. 

The terms from this formula arc 2S =- 33727*12, 2P — (28643-63), 3P — 
12676-47, 4P ^ 7087-66, and 5P = 4614-14. These arc similar to, but larger 
than, tho corresponding values for the principal series of helium singles which 
are 2S = 32032-61, 2P = 27176-17, 3P =* 12100-66, 4P = 6817-21, 6P = 
4367-46. 

If this arrangement of the bands were correot, it would form a very mteresting 
counterpart to Fart V, in which the conclusion was reached that the band systems 
there dealt with had a main electronic structure closely resembling that of the 
principal series of helium dmMds. It seems very doubtful, however, if t-bw 
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arrangement is correct. The final vibrational differences of the Q (1) lines of 
the present bands are identical with the corresponding terms for the initial 
states of the Lyman bands (Diekc and Hopfield’s B states) to the accuracy of 
the ultra-violet measurements. The ultra-violet data for lines other than Q (1) 
are not available at present, so that it is not certain the states are the same. 
However, the identity of the final states with Dieke and Hopfield’s B states is 
confirmed by the valu<'8 got for the heats of dissociation. If the states arc the 
same, the present final electronic term 33727-12 should be equal to the differ¬ 
ence between the ionisation i)otentiaI of Hg = 128800 and Diekc and llopfield’s 
electronic U'tm B —A = 91502. This difference is 37238 and is much too 
large. 1 shall reconsider the matter in the next section. 

The Heats of Dissociation, etc. 

An {'stimate, possibly rough, of the heat of dissociation of the* final 2 state 
of these bands can be got by the method which flepcnds on the variation of the 
vibrational term differences with increasing vibration (juantum number (see 
Part V, p. 415). Using the Q (1) lines the 1 >0, 2 -► 1 and 3-^2 terms are 
1313*26, 1270*42 and 1247*67 respectively. The successive differences are 
36*84 and 28*76, and seem to be varying rapidly, but if the differ(*nce were to 
keep steady at 28*76, there would be 1247*64/28 75 — 43*4 additional states, 
making 46 *4 altogether. At any rate, the number does not seem to Im* likely to 
be less than this, as the differences arc diminishing with increasing w". I'aking 
the mean energy as half the energy of the first state, we get for the heat of dis¬ 
sociation in equivalent wave-numbers 1336-68/2 X 46-4 31,000, 

The data for the 27 r state* treated in the same way give 2412 • 18/2 x 17 -62 
21300. A check on this can be got by extrapolating from the values for the 
37 c, 47r, Stc and Ott states which are given in the pajM^rs citol * One method 
gives about 17000 and the other about 24000. The mean of these is 20500, which 
confirms the value found directly. The final states of the present bands are 
evidently much more stable than the 27t states and also than any of the 2rj 
or miz states described in Part V. I have shown in a preceding notef that 
there is some evidence which supports the view that the 27r states arc the same 
as the C states of Dieke and Hopfield.} If the present final states are the same 
as Dieke and Hopfield’s B states, wc have a further check on these identifica¬ 
tions. The difference between the electronic energy levels for the B and C 

• 0, W. Riohardson, * Roy. Soc, Proc./ A, vol. 114, p. 648 (1927); also Part V, p. 415. 
t • Roy. Soo. Proo.,’ vol. 114, p. 643 (1927). 
t * 2. f. Phymk/ vol. 40, p. 209 (1026). 
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stateti should be equal to the difference of the heats of dissociation of molecules 
in the corresponding states, since all the 2 quantum states of the hydrogen atom 
have practically the same energy levels. If there is a difference, it will be within 
the limits set by the fine structure, if it has any, of the Lyman liue-serics line 
2 ■‘►1 (X 1216 *68). The differences of the electron levels for the ultra-violet 
bands given, in their notation, by Dieke and Hopfiold are B — A = 91662 and 
C — A — 99986, so that C — B = 8424. The difference between the present 
estimates of the heats of dissociation of the molecules which are thought to be 
in the same two states is 31000 — 21300 = 9700. These differences are the 
same to the degree of accuracy which can be claimed for the estimates of the 
heats of dissociation. 

The heats of dissociation Bvi, of the initial states can be estimated from the 
electronic terms and the terms of Balnier’s series by means of the equation Dm, 
— Dm. + Rx A„ — Ra (Part V, p. 414). The results are shown in Table 
VIIL 


Table VIII. 


m 

Initial states. 

Eiual state. 

1 . 

B 


D 

5. 

1 . 

1 . 

2 . 

2 . 


109768 

27420 

12187 

6865 

4387 




27420 

Rm-Am+i 

82258 

15233| 

5332 

1 

2468 

1340 


82268 


15233 



28644 

12677 

7088 

4514 



(37238) 

33727 

RmMm+i. . 


iGoa? 

5589 

2574 


(01062) 





17808 

734 

267 




12815 



DM,«. 


16102 

15318 

16212 



34060 

(24746) 

21236 

Kquivalent, volts 

4*21 ' 



1*87 



4*21 


2<63 

Equivalent, cals,—10 «* 

0*72 

4-62 

4*38 

4-32 



9*72 


0*06 


In this table the value of the ionisation potential of the normal hydrogen 
molecule (RxM«) used in Part Y has been replaced by the experimental value 
16*9 volts, since this agrees with the spectroscopic data of Dieke and Hopfield. 
The values are very similar to those found for the states by this method as 
amended in ‘ Roy. Soc. Proc.,’ A, voL 114, p. 649 (1927). The same method 
applied to the term 2S of the Hicks formula gives for the heat of dissooiation 
21236 equivalent wavc'^numbers. It is very improbable that the estimate 
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(31000) got from the vibration terms can be in error by as much as this. The 
estimates in this and previous papers from the electron terms all come con¬ 
sistently low, and I wonder if the value of the heat of dissociation of normal Hg 
may not be a little higher than the value found by Langmuir, or, alterna¬ 
tively, the spectroscopic value of the ionisation potential of Ho might be a 
little under the experimental value 15-9 volts. Even .so, the utmost that 
could be allowed in this way is probably about 50<)() wave-numViors. which 
would still be insufficient to bridge the discrepancy. This brings us back to 
the difficulty that the calculated 2S term .33727 is too low to agree with the 
apparent identity of the final states with Diekc and Hopfield’s B states. Jf 
their corresponding electronic terra 37238 is used instead of 33727, the values in 
brackets in Table VIII are obtained. The value of the heat of dissociation 
24746 is now just about as much ludow the value estimated from the vibration 
term data as these estimates from the electronic term data generally seem 
to nin. 

These difficulties can be avoided by the following re-arrangement of the 
bands, which, however, can only be regarded as provisional at this stage. I 
still take the strung A hand system as a 3 2 electron transition, but I take 

out the gBg, qB^, yBg and ^Bg bands and the C fragment and assume the ^Bo, 
,B,, jB, and ,Bs lines to be respectively the oB„, jB^, qB* and oB, lines of the 
4 -♦ 2 electron transition bands. The electron levels i\ow proposed arc shown 
diagrammatically, but not to scale, in Diagram TI. The three lowest levels 
are the A, B and C levels of Dieke and Hopfield, and the others give the surface 
of the molecule corresponding to the ionisation potential of normal H 2 and the 
levels for the new jBn Q (1) (jBo Q (1) of Table VI) and the jA^ Q (1) lines. 
The higher levels are getting near the ionisation potential limit, and it is not 
surprising if they are not found. 

In what follows the experimental value 128800 of the ionisation potential is 
not used, but a corrected value 129429 got by adding a value 27c — 29443 to 
99986, which is Dieke and Hopfield’s value of C — A. 

If the foregoing arrangement is correct, it seems to suggest some rather 
surprising consequences. If the final electronic term of the juresent bands is 
37867, we have for the initial term 37867 — 21674 = 16293, and for the initial 
term of the B fragment 37867 — 29447 = 8420. These numbers are all very 
close to the ma terms of the helium doublets. The mo and rnn terms of the 
helium doublet band system are collected in Table IX, together with the alwve 
terms and also the initial and final electronic terms of the bands in Part V. 
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Diaobah II. 



91562 

I_A 

Table IX.—Electronic Terms. 


16293 8420 

16073-87 8012-03 

12718-87 7067-07 4492-78 3106-80 
12740-08 7003-60 4609-06 3117-60 

This table suggests that the present bands are of the type 2a — ma and the 
bands in Part V of the type 27c — tott or perhaps 27ti „ * — or if »nd not 
2o — naz, as previously supposed. 

It is posnble that the gBg, gBj, gB, and gB, bands which have been taken 
out are a progression of vibration transitions of another band system with the 
same final state. 

I hope to return to these questions as more evidence accumulates. 

In conclutton I should like to thank Dr. D. B. Deodhar for his help in the 
examination of the spectoim plates. 
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2%fi Magnetic Anisotropy of CrystaMiw Nitrates and Carbonates. 

By K. S. Krishnan and Prof. C. V. Raman, P.R.S. 

(Received Marcli 27, 1927.) 

1. Introduction. 

Recent work in the field of magnetism emphasises the relation between the 
cr)r8tal stnictuie and magnetic properties of solids. Such relations exist in 
all crystals whether ferromagnetic, paramagnetic or diamagnetic. We propose 
inthispaper to discuss the explanation of the anisotropy of diamagnetic crystals, 
particularly some nitrates and carbonates with regard to which we have data 
from the measurements of Voigt and Kinoshita* and very recently of Rabi.f 
These substances are especially simple because, as is well-known from the 
work of Kossel, Bragg and others, they consist of charged ions held together 
by electrostatic forces, so that we can attribute the magnetic anisotropy of 
the crystal to that of the individual ions. Thus, for instance, in the case of 
sodium and potassium nitrates we may reasonably look for the explanation of 
observed magnetic anisotropy of the crystal in the structure of the nitrate ion, 
since presumably the metallic ions are more or less isotropic. It is significant 
in this connection that nitric acid solution has been found by Cotton and 
Moutonit exUbit a measurable magnetic birefringence, thus indicating that 
the NOs~ ion has a pronounced magnetic anisotropy even in the liquid state. It 
is possible to estimate this anisotropy in a purely optical way by combining the 
data for magnetic double-refraction with the measurements of the depolarisation 
of the light scattered in nitoic acid. It is found that the magnetic anisotropy 
of the NO, group thus found, practically agrees with that necessary, as remarked 
above, to explain the magnetic properties of the crystalline nitrates. 

2. Relotton baween StrwAure and Magnetic Properties. 

The or}rstaI structures of sodium nitrate and calcite have been investigated by 
X-ray noethods and the two crystals are found to lie homoeomotphous. They 
have an axis of trigonal symmetry. The NO, or CO, groups are built up of 
three oxygen atoms at the comers of an equilateral triangle with the nitrogen 
or carbon atom at the centre, the plane of the triangle being perpendicular to 

* * Ann. d. vol. p. 402 (1007). 

t * Phys. Rev.,’ vol. 20, p. 174 (Jsn., 1027). 

^ ' Ann. Cliim. et Pbya.,’ vol. 28, p. 209 (1918). 
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the trigonal axis. Potassium nitrate and aragonite, on the other hand, belong 
to the rhombic system; but here also the three oxygen atoms are arranged 
symmetrically round the nitrogen or carbon atoms in a plane perpendicular to 
the “ c ” axis. 

In the following table are given the principal diamagnetic susceptibilities for 
these crystals- 


Compound. 

Crystal syst.em. 

Axis along which 
stiHeeptihility w 
ineaHur^. 

1 

SiiHccptibility t^r 
gm. molec*. 

X - ld». 

Average suscep¬ 
tibility per gin 
mold-. 

X - lO*. 

NaNOa . .. 

trigonal ^ 

II trig, axis 
j, trig, axia 

20 5 

24*1 

1 2f»-e 

CaCO, 

(cnlcite) 

^ trigonal ^ 

f| trig, axis 

X trig, axia 

40-t; 

3fl»4 

1 37-8 

KNOj 

rhnmbie 


350 

20-7 

20-0 

} 

CaCO, 

(aragonite) 

^ rhombic ^ 

II axis 

II “6” axis 

11 “a** axis 

44-4 

38*7 

30-2 

j- 40-8 


Sodium nitrate and calcitc arc magnetically uniaxial owing to the possession 
of an axis of trigonal symmetry. For potassium nitrate and aragonite, how¬ 
ever, the susceptibilities along the " b ” and “ a ” axes arc different. But the 
difference is very small, so that for all practical purposes we may treat them also 
as magnetically uniaxial crystals. In all the cases quoted in the table, the 
susceptibility along the axis, which we shall denote by ^i;, is numerically greater 
than the susceptibility, Xi, perpendicular to the axis. It is also significant that 
Xi — Xj. very nearly the same for the two nitrates, and not very different for 
the two forms of calcium carbonate. It suggests immediately that the nitrate 
and carbonate ions are, at least in a very large measure, responsible for the 
magnetic anisotropy of the respective crystals. 

3. Bdation to Magnetic Birefringence. 

Before proceeding to connect the magnetic anisotropy of the NO,~ ion in the 
crystals with its anisotropy as deduced from observations on magnetic double¬ 
refraction of nitric acid (liquid), we may point out that we would not be justified 
in assuming that the NO,* ion is necessarily identical in the two cases. For 
instance, it is well-known from the investigations of Oxley* that many dia- 
* * Phil. Trans.,’ A. voL 214, p. 10» (1914). 
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magnetic substances show an appreciable change of susceptibility on crystallisa¬ 
tion, suggesting a re-adjustment of the electron-orbits as we pass from the liquid 
to the crystalline state. We cannot therefore expect any exact numerical 
agreement between the values of the anisotropy of the NOg" ion calculated from 
the two states. 

The constant of magnetic birefringence (Cotton-Mouton constant) of nitric 
acid has been measured by Cotton and Mouton and — 6'3 x 10“^* at about 
16® C. for light of wave-length X ^ 5*78 X 10"® cm. They, however, used acid 
of density 1*49, which corresponds to a concentration of about 90 per cent. 
Since the magnetic birefringence of water is negligibly small, we will not be 
far out if wc estimate the value of the constant for 100 per cent, acid at 

6-3 X 10 X 7-0 X 10 
y 

In order to evaluate the magnetic anisotropy of the molecule from the Cotton- 
Mouton constant, we require to know the optical constants of the molecule. 
From the recent work of Bragg* on the birefringence of crystalline nitrates, wo 
have very strong reasons to believe that HNOg molecule possesses an axis of 
optical symmetry, which is perpendicular t^ the plane of the NOg" ion ; the 
moment induced in the molecule by unit field of the incident light-waves, 
acting along this axis, equal to C, say, being less than when it is acting perpen¬ 
dicular to it ( = A). On actual calculation from Bragg's data, the ratio of 
these moments C/A comes out equal to 0‘60. However, since the Cotton- 
Mouton co^Hant refers to the liquid state it is only proper that we should use 
the value optical anisotropy calculated from measurements under the 

same conditions. Recently careful measurements have been made in the authors’ 
laboratory by Mr. S. Venkateswaranf on the depolarisation of the light scattered 
by nitric acid of different concentrations. The value of the depolarisation factor 
extrapolated for 100 per cent, acid =0-64. Calculating from this value we 
get 

C/A = 0*38 or =0'50, 

according to the two hypotheses that have been proposed for light-scattering. 
Even though the experimental data at present available are not sulficient to 
decide definitely which of the two hypotheses is correct, the data are more in 
accord with the hypothesis which gives the latter value of C/A, viz., O’SO.J 

* ‘ Roy. Soc. Proc.; A, vol. 106, p. 346 (1034). 

t * Tfirimft Journal of Pliywc*,* vcl, J, p. 235 (1027). 

i See K. S. Krishnon, ‘ Proc. Indian Ass. Soi./ voi. 0, p. 261 (1926). 

VOL. OXV.—A. ** 
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Now the magnetic anisotropy of HNO 3 molecule can be calculated from the 
Cotton-Mouton constant, C,„ of liquid nitric acid, with the help of the relation 


(no^^l) W+2) A-C 

iOnoUcT ’ 2A + C 


(Cr-A'), 


where na is the refractive index of the liquid outside the field, k is Boltzmann’s 
constant,C'and A'aro the susceptibilities of the molecule along and perpendicular 
to the axis respectively. A being greater than C, it is evident from the above 
expression that in onler to get a positive value for magnetic birefringence, 
ns is actually obsei-ved, should bo numerically greater than A', i.c., the dia¬ 
magnetic susceptibility of the NO.i“ ion along its axis should be numerically 
greater tlian for periH'iidicular directions in conformity with the observations 
on crystals. 

Actually substituting values for and C/A in the expression, we obtain 
C' - A' - G-7 X 


or — 8*8 X 10 


corresponding to the two values of C/A. 

Now according to the assumptions we have made 

y.. = NC' 

and = N A' 

where N is the Avogadro number per gram molecule. 

Therefore Xii ~Xx — 4*1 x 10“® 

or -5*3 X 10'®, 

which may be compared with the observed values 

-6-4x10'® for NaNOa 
and -S-gxlO"® for KNO 3 . 

It may also be mentioned incidentally that the absolute value of the suscepti¬ 
bility of NO 3 '' ion is the same in the crystals and in nitric acid. If from the 
average susceptibilities of NaNOg and KNO 3 we deduct the contributions 
from the Na*^ and ions as given by Joos,* we get for the average suscepti¬ 
bility of N 03 “ ion respectively the values— 

X = - (25-9 - 6-6) X 10-® =5 - 19-4 X 10'® 
and X = ^ (31-7 - 14-5) X 10’® « - 17-2 x 10“® 

per gram molecule. 


* G. JooB, * Z. f. Physik,* vol. 32. p. 835 (1925). 
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The value calculated from Quincke’s results for nitric acid of about 63 per cent, 
concentration 

— — 17 X 10"® per gm. molecule.* 

4. Relation to the Stmeture of Ions, 

We have to look for the explanation of the observe/1 magnetic anisotropy 
of the NOs” ion in its peculiar electronic structure. The three 0-atoms are 
distributed symmetrically round the N-atom as centre, all of them lying in the 
same plane. Paulingf has recently suggested a dynamical model from entirely 
independent considerations, where he assumes six of the electrons to move in 
pairs in orbits connecting the central N-atom in turn with the three 0-atoms, the 
other eighteen electrons being distributed about the three 0-atoms. (Of course 
we exclude the K-electrons as contributing negligibly to the susceptibility.) 
If we now assume that the electron-orbits coimecting the N- and O-atoms an 
in the plane of the atoms, and the other orbits are orientated more or less 
isotropically, the diamagnetic susceptibility perpendicular to the plane of NOa"' 
ion will be numerically greater than for directions in the plane by an amount 
equal to the contribution from the six binuclear orbits. Taking the other 
electron-orbits to be all of equal size, it is found on calculation, from the 
assumption made above, that the susceptibility of a binuclear orbit should be 
much less than that of one of the other orbits. Too little is known at present 
regarding multinuclear electron-orbits to enable us to verify how far this con¬ 
clusion is in accord with the general theory of diamagnetism. The results seem 
to suggest that these binucloar orbits, if elliptical, should have a large 
eccentricity. 

However, the main conclusion that the anisotropy arises from the six binuclear 
orbits, seems to gain a further support from the fact that the CO 3 '' ion, which 
has an essentially similar structure, exhibits a magnetic anisotropy (defined by 
Xii Xjl) alnaost the same as for the NO 3 " ion. In this connection it need hardly 
be emphasised that further data on the magnetic susceptibilities of a number 
of crystals of this type, nitrates, silicates, carbonates and borates, would 
be highly desirable and we have initiated experimental work in this direction. 


* The susceptibility of nitric acid is assumed, consistently with our assumptions, to be 
entirely due to the NO, ion, the hydrogen atom, having lost its electron, contributing 
nothing to it. 

t L. Pauling, * J. Am. Chem. Soc.,’ vol. 48, p. 1139 (1926). 
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5. Summary. 

Crystals of sodium and potassium nitrates exhibit a marked diamagnetic 
anisotropy, the susceptibility perpendicular to the plane of the NOs' ion being 
greater than for directions in the plane; the difference of susceptibility in the 
two directions is the same for the two crystals. 

Attributing this anisotropy to that of the NOj' ion, it is found that its 
magnitude is exactly what we should expect from the known value of the 
magnetic birefringence (Cotton-Mouton effect) of nitric acid liquid. 

An explanation is suggested on the basis of its electronic structure; COs" ion 
which has essentially the same structure, gives almost the same anisotropy. 


A New DifferetUial Dilatmvcttr for the Detennination of Volume 
Changes during Solidification. 

By C. J. Smith, Ph.D., M.Sc., A.R.C.S., Metallurgical Research Laboratory, 

University of Sheffield. 

(Communicated by C. H. Desch, F.R.8.—Received April 6, 1927.) 

In recent years, the practical requirements of the metal industries have made 
it necessary to study the factors which govern the pro<luction of good castings. 
One of the most important of these factors is the change of volume which accom¬ 
panies solidification. The experimental methods which have hitherto been used 
to determine this change have given discordant results, and it has seemed 
desirable to devise a new method, less liable to error. The new form of 
volumenometer which is the subject of this paper is intended to eliminate most 
of the errors inherent in the older metho<l&. It has been applied to the measure¬ 
ment of the volume changes of two eutectic alloys, those of lead and tin and of 
tin and bismuth, the former of which contracts during solidification, whilst 
the latter shows a distinct expansion. The results indicate that the method is 
trustworthy. 

Previous Methods of Measurement, 

The older methods, which have been used for the experimental determination 
of the changes in volume, associated with the change in state of bodies, may be 
divided into the following classes:— 

(a) The coefficients of expansion of the solid and liquid, over limited ranges 
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of temperature, are measured and the volume change occurring at the melting 
point is found by extrapolation. The coefficient of expansion of the solid is 
found either by direct measurement of the linear ex^wnsion or deduced from 
measurements derived from some hydrostatic method in which Archimedes’ 
Principle is employed. Tlie expansion of the liquid molt is inferred from 
observations on some dilatometric or hydrostatic method. 

Objection has been raised to this general method, since the estimation of the 
change in volume which occurs at the melting point depends upon the un¬ 
warranted extra 2 )olation of the experimental results, and it is only in the case 
of a pure metal or a eutectic that the change occurs at one definite temjiera- 
tuie, namely, the melting point. 

As an example of the discrepancies which occur in various expansion deter¬ 
minations (X), we may cite the case of zinc (see Table I). 


Table I. 


Temperature or 
temperature 
rang(‘. 

X \ w. 

Autlmnl y. 

Uefercnce. 

“C. 




M) 1 

2-02 

FiziMU 

‘ ('.K .’ vol. 68, p. M23 (18»}9). 

10 

2*97 


• l'h>-. Re\.,' vol. 2.5. p. 88 (1897). 

0-100 i 

1*05 

Onlneusou 

‘ .\nii I’liVD..’ vol. 4 (ISIU). 

20-100 


Sc Iiul/f* 

* Pliy». Zoit,.’ p, 403 

26-250 

2*81 

SmiruufI 

‘ (Ml.,’ \ol. 13.>, p. 352 (1912). 

10-100 

3*20 

1 

Fncnd ami 
Valliime 

Moiir. lint. Met.’ (1) (1924). 


If we neglect the low result obtained by Griineisen, the above figures are dis¬ 
cordant amongst themselves to an extent of 30 2 >er cent. Similar discordances 
occur in the figures relating to the liquid metal. 

(6) Dilatometer methods have been employed by several experimentalists.* 
Such methods are very suitable for a study of the thermal expansion of metals 
of low melting point. The method is one in which the volume change is deter¬ 
mined directly, and provided the metal is caused to freeze in the appropriate 
manner, such that cavities are avoided, the measurements are only subject to 
an error of 2 or 3 per cent. As the temperature at which the experiments are 
performed increases, it becomes very difficult to find a suitable liquid and 

• Wiedmaon, ‘ Ann. d. Phys. u. Chem. Helbl.,’ \ol. 20, p.228 (1883); Toepler, ibid., vol. 
6S, p. 343 (1884); Leduc, ‘ C. R.,’ vol. 142, p. 40 (1906); Hoclcspiil, ‘ C. R.,' vol. 162, p. 
260 (1911); Bernini and Oantoni, ‘ II Nuovo Cimento,’ vol. 8. p. 241 (1914); Bomenunn 
and Sanerwold, ‘Z. f. Metallk..' vol. 14, p. 145 (1922). 
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container. Most liquids of high boiling point show a variation of density at 
a fixed temperature which is an unknown function of the time for which that 
temperature has been maintained, and also depends upon the past thermal 
history of the liquid. At still higher temperatures, when ordinary glasses 
begin to deform, quartz vessels become permeable to organic liquids and salt 
mixtures attack the quartz. That the method yields consistent results at low 
temperatures is indicated by the recent work of Fleischmann, who has 
examined the volume changes occurring in the cast*, of Rose’s Metal. He used 
a dilatometer, the liquid being paraffin oil.* 

(c) Methods, which cannot be classed as precision methods, consist in filling 
a mould with the metal under investigation and observing the variation with 
falling temperature of the distance between two pins embedded in the casting. 
It is difficult to know how to interpret these variations, but such results, whilst 
they do not measure the changes in volume occturring during solidification, have 
given information which foundrymen have found useful. 

(d) Still more recent arc the experiments of Endo,t who has elaborated a 
method which was suggested by Honda.| Essentially the method consists in 
finding the dtange in buoyancy of a metal which is suspended in an inactive 
liquid. These changes are observed by means of a thennobalance, which is 
fully described by the above workers, but the following account is rendered 
necessary if the ensuing criticism is to be appreciated• 

The metal is contained in a silica vessel and the whole is placed in a suitably 
chosen liquid maintained at an appropriate temperature. The vessel and its 
contents are suspended from one arm of the thermobalance, whilst suitable 
masses form a counterpoise. The results depend upon the measurement of the 
density of the liquid medium, and the density is not constant but varies with the 
time and temperature. In addition to this, the temperature of the metal is 
not equal to that of the liquid in which it is suspended, the difference amounting 
to several degrees. Furthermore, there exist in the bath itself temperature 
gradients which amount to a few degrees, and these cannot be eliminated by any 
method of stirring, for it is at once apparent that the equilibrium of the balance 
would be destroyed by any such process. In his paper Endo has not given any 
figures which are relevant to the above criticism, but his method has been 
employed in this department and the temperature difference has been found to 
be at least 10° C. across the bath. These variations manifest themselves in the 

• ‘ Z. f. Phyrik,’ vd. 41, p. 8 (1»27), 
t ‘ J. Inst. Metals,' vol. 30, p. 121 (1023). 
t ‘ Sci. Rep. TOhoku Univ.,' vol. 4, p. 97 (1016). 
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curves which are obtained when such methods are employed, e.g., the curve in 
fig. 1 was obtained by some workers for the British Non-ferrous Metals Research 



Association, and I am indebted to Dr, 0. F. Hudson for permission to use this 
figure. The results would indicate that the melting point of the lead-tin eutectic 
is 162°, whereas it was known to be 181°—183° C.,* and that the volume changes 
occur ovCT a definite temperature range. The lag is due to the fact that the 
thermocouple, used to measure the temperature, is outside the graphite vessel 
which contains the alloy, and the peculiar shape is probably due to effects 
associated with the latent heat of solidification. In fact, the indications from 
this methofl seem to be most unreliable in the region where accurate measure¬ 
ments arc required. 

The Theory of the Differential Dilatohieter. 

As a simple theoretical example of the method about to be described, let us 
consider two bulbs of volumes V and Q, the former containing a solid of volume 
S. The two bulbs are connected together by means of a i)rcssure gauge. The 
suffixes attached to the above symbols will inrlicate the appropriate volumes at 
temperatures corresponding to these suffixes. The two bulbs V and fl can be 
at ony desired constant temperature by using a suitable thermostat. 
Let p and 11 denote the pressures of the superincumbent gas in both bulbs. 
Then, since the mass of gas in each bulb is constant, 

Vn (Vo — !**o) „ Pr (Vt ~ 

'h T ’ 

• lAiulolt and Bomstcin TaWes. 
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and 

whence 


IIq^o_ 

tT” t * 

7?o(Vu — Sq) _ 7^ (Vt ^r) 
Iloflta lI^Qx 


(1) 


From this equation the volunui can be found, providing that the pressure 
inside the apparatus is known. 


Firai Form of Dilatometer, 

The first form of dilatometer which >vas constructed in the present research 
is shown in fig. 2. The apparatus was constructed entirely of soda glass, and 



Fio. 2. 


the metal was contained in a small glass vessel K. This container was 
necessary to guard against the cracking of the bulb V when solidification 
occurred ; as arranged here, only the container would be broken in such a case 
and the experiments could be completed. Although the figures show the 
apparatus to be in one plane, yet in practice this is undesirable. The capillary 
tubes which connected the bulbs V and il to the gauge were bent back at right 
angles at the points indicated by L and M. This enabled the bulbs to'be in the 
same liquid bath and thus, after due precaution, to be at the same temperature. 
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In addition, that troublesome and variable factor, the temperature of the con¬ 
necting tubes, is the same for each side of the apparatus, and, when this is so, 
the precision with which this temperature must be known is not necessarily 
high, for the difierential nature of the volumenometer renders the apparatus 
almost self-compensating as far as the volumes of these connecting tubes are 
concerned. The stop-cocks C, D and E enable the apparatus to be exhausted 
completely and then filled with pure dry nitrogen. The pressure of the gas 
in the apparatus approximates to one atmosphere, and when the temperature is 
constant everywhere, the taps C and D are closed. The levels of the gauge 
liquid in AX and BY arc now identical, and if steady temperature conditions 
have been really maintained at all points, then the levels at X and Y remain 
fixed. In these experiments the level did not change after periods of time never 
less than 1 hour. 

Now let V and to denote the volumes of the connecting tubes exposed to 
temperatures less than that of the thermostat, up to the points A and B ; let 
I and X be the volumes corresponding to AX and BY respectively. Let t denote 
the effective temperature of the connecting tube ; strictly speaking, one requires 

the evaluation of in all this region, where dv is the element of volume of 

the tube at temperature /. 

An application of the elementary kinetic theory then giv(‘S 


and 


Pn(Vo - Kq-S q) , , yv , pi 

To ^ /o To T T 

^ IIo^ ^ mi ^ [note llo = po]. 

To (0 To T t X 


We then have 

l»0(Vo-Ko-Su) \--h> 

_ h 


ilo H—^ <*>0 4—^ ^ 

to To 


Tq _ _ p 

n 


(V-K-S)+|v + ^I 

£1+7 W + -X 

< t . 


( 2 ) 


from which equation S can be found providing that the pressure in the apparatus 
is known. Rather than insert a barometrical column with all its attendant 
difficulties and complications in the apparatus, it was considered better to deduce 
the pressure from the known volumes of the bulbs, etc., and the appropriate 
value of T, in order to find 11, and then to calcidate pfrom this value for 11 and 
the difference in pressure indicated by the height of the gauge XY. For this 
purpose it is essential to know the density of the oil in the gauge. The gauge 
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liquid was medicinal paraffin, this being chosen on account of its stability and 
low vapour pressure. 

The Second Form of Differeniml Dilatomcter, 

During the course of this work the above apparatus was broken, and in the 
second form several additions were made, so that the calculation became more 
simple and dependent upon a smaller number of variables, owing to the 
difference in pressure between the two bulbs being made zero. This was brought 
about by inserting two tubes containing mercury (see fig. Ji). These tubea 



enable mercury to be abstracted from the appropriate side of the dilatometer 
until the above conditions are attained. It is at once apparent that the density 
of the oil in the gauge does not occur in the final expression from which S 
is calculated. 

Let V and ce now be the volume of the connecting tubes and portions of the 
gauge not containing liquid. 
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Then, as before, 

j»o(Vo - Ko - S,,) , £i£o _ (V - K - S) £« 

T„ to ~ T ' « ’ 

and 

pa (Qq) 1 PiiMo . £1^ i I 
To <0 ■' T t ^ t' • 

where 8 represents the inureusc in volume on the Q side, due to the withdrawal 
of the mercury at temperature t’ to render the pressure difference between the 
bulbs V and Q zero. We then have 

Vo-K«-So + 'f%o V-K-S + ^i, 
_^ * (3) 

ft,+ ?2wo fl-(--y (w) l-^S 

to It 

Kven a cursory examination of this formula will reveal two advantages which 
this second form of the apparatus possesses over the earlier type. It is not 
necessary to measure the actual pressure inside the apparatus, and the tempera¬ 
ture only occurs explicitly as a small correcting factor, due to the expansion of 
the glass, and due to the fact that the volumes of the connecting tubes must 
necessarily be finite. The temperature wan measured by means of a platinum 
thermometer P, fig. 5. 

During the course of this work a paper has appeared by Fr. Uenglein* in which 
she has examined the volume changes associated with cliange in the tempera¬ 
ture of some alkali halides. Fr. Henglein used a gas-filled dilatometer, but it 
was not a differential one. In her apparatus it was essential to measure the 
pressure by means of a column of mercury, and the difficulties which arc atten¬ 
dant upon an accurate estimation of the lengths of such columns are well known. 
Furthermore, in her work it was necessary to know the temperature, for it 
occurs explicitly; the volume change associated with the glass has to be known 
more accurately, for there is no tendency for it to be compensated, as in the 
present work; lastly, the volumes of the connecting tubes do not tend to 
compensate one another as they do here. 

Preparation of the Mitrogen. 

The nitrogen which was requisite for the above experiments was prepared 
hy a method due to Waranf and developed by the author.:^ The mode of 

• ‘ Z. f. Phys. Ohein..’ vol. 115, p. 91 (1926). 
t H. P. Waran, ‘ Phil. Mag.,’ vol. 41, p. 249 (1921). 
j C. J. Smith, ‘ Phys. Soc.,’ vol. 34, p. 166 (1922). 
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prooeduie is fully explained in the published papers, so that no further remarks 
ate now necessary. 

Preparation of the MetaUie Evtedics. 

The alloys which were used in the experiments were made from constituents 
which were of the highest attainable degree of purity. The tin was the so- 
called “Chempur” variety as supplied by Messrs. Capper 
and Pass. The bismuth was of a similar purity, whilst the 
lead was that which is generally known ns “ Assay ” lead. 
In preparing the eutectics, about 400 gm. of alloy were 
generally made, the constitricnts being in the proportions as 
recorded in Landolt and Bornstcin’s Tables. 

In each case the constituents were intimately mixed in a 
pyrex glass container and melted in a high-frequency induction 
vacuum furnace. The vacuum was certainly less than 
10 ~^ mm., so that the alloys were obtained in as compaett 
form as possible and free from cavities. Even after this 
treatment a slight scum always appeared on the surface of the 
metal; this was removed by turning a cylinder in a lathe. 
To introduce this specimen as a whole into the bulb V was 
impossible, and so a method was employed by which the 
process was accomplished in vaouo. The apparatus is 
depicted in fig. 4. The solid S was placed inside a glass 
tube A, and the connecting tube B joined on afterwards. 
This tube B led to a high vacuum pump, whilst the lower end 
of A was drawn out into a very fine capillary tube. A wider 
tube C was joined to the 1-mm. wide capillary attached to V, 
BO that the final form of the apparatus was as indicated. The 
whole was then immersed in an electrically heated oil-bath 
and the apparatus exhausted. To facilitate the passage of 
the gas molecules from V to the pump it was necessary to 
cut small grooves around the lower edge of the cylindrical 
Fia. 4. specimen S. 

In this connection it is expedient to note that the oil-bath 
most be capable of withstanding a temperature at least 20° C. above that of 
the melting point of the solid. The reason for this is at once apparent, for 
the specimen receives heat principally by radiation only, for it is not until a 
mass of molten metal has formed in the lower part of A that the metal receives 
thermal energy by conduction. Meanwhile, the molten metal has been forcing 
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its way through the fine capillary into the container K. At this stage the melt 
is indistinguishable from a mass of clean mercury. 

Expemnental DdaiU, 

The metallic eutectics having been thus prepared in each case, it was 
necessary to break the tube of fig. 4 at X and, after the mass of metal contained 
in V hod been determined, to attach this to the rest of the apparatus, which had 
been cleaned and dried in the usual manner adopted in such cases. The control 
of the gas pressure inside the volumenometer, which was essential during 
the last piece of glass manipulation, was always made through a calcium chloride 
tube,so that the contamination of the volumenometer was reduced to a minimum. 
The gases and vapours were now removed from the apparatus by using a 
“ Hyvac ” pump in conjunction with charcoal and liquid air; even after the 
apparatus had been allowed to stand all night no trace of leak was discernible 
when an attempt was made to remove any air by using a Toepler pump. 

The apparatus was then filled with pure dry nitrogen in the manner referred 
to above, and in the first series of experiments in which the pressure difference 
was measured, the pressure in the apparatus was made equal to the existing 
atmosphere pressxirc by adjusting the mercury levels in the barrel of the pump 
and the mercury reservoir which was attached to it. In the latter type of 
apparatus such an adjustment was not necessary because the luessure does not 
occur explicitly in the formula (3). 

The temperature of the bath was controlled by means of a thermostat. This 
consisted of a large copper vessel, heated electrically. The current through 
the coils was adjusted by means of a rheostat so that the temperature was a 
little lower than that at which it \ras desired to make a determination of the 
volume of the solid. The elevation of the temperature to a final value was made 
by means of a suitably controlled current through a resistance mat. This mat 
was fixed to an iron support, the electrical insulation being obtained by the use 
of mica strips. The mat was in direct contact with the oil, so that the thermal 
capacity of this subsidiary heating element was minimised: such a condition 
is essential to the maintenance of a real steady temperature. 

The period in which thermal energy should be generated in this mat was 
controlled by means of a thermo-regulator, similar to one described by Qouy and 
used, at a later date, by Callendar and Barnes in their researches on the specific 
heat of water. Fig. 5 is a diagrammatic representation of the regulator and 
its adjuncts, A bulb A contains glyc^ol over mercury and is connected to a 
1 -mm. diameter capillary tube in which the mercury is displaced by the expan- 
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sioa or contraction of the glycerol. The final level is adjusted by means of the 
screw S' and a reservoir containing glycerol. Former workers, using these 



Fio. 5.—The small heating c<^ referred to in the text is not shown above. 


thermostats at lower temperatures, have controlled this level by means of a 
three-way tap fixed to the capillary tube; no such device was permissible here 
on account of the difficulty of discovering a lubricant which would withstand 
the higher temperatures to which it would have been subjected in these experi¬ 
ments. A platinum wire point has conferred upon it a to-and-fro motion along 
the capillary, the motion being effected by means of a pivot on a wheel, which 
was driven by means of a worm wheel operated from the main stirring shaft. 
The distinctive feature of a regulator of this type is that the electric control is 
more predse, siuce the mercury never sticks to the platinum point. When the 
relay is not excited, the current is passing in the resistance mat; but when the 
relay is operated, then this coil is shorted. 

At the higher temperatures the bulb A contained air only, but the control of 
temperature was not so good, a defect probably associated with the fact that. 
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when contact is made between the mercury and platinum, the pressure inside 
the bulb A is raised. 

In such an apparatus as tlie one under discussion, the glass taps are a source 
of much trouble unless due precautions are taken. The pressure in the apparatus 
may be nearly two atmospheres, and thus there is a tendency for the glass 
stopcocks to move outwards ; the effect of such a motion is manifested in the 
many ‘‘ streaks which appear in the lubricant on the taps. Such a defect 
was remedicMl by the use of strong spiral springs bent around the arms of the 
stopcock. 

The volumes of the bulbs V and LI were found by calibration with known 
masses of water at a definite temperature, whilst mercury pellets indicated the 
volumes of such portions of the capillaries as were involved in the calculation. 
The bulbs V and Q had a capacity of about GO c.c. and about 20 c.c. of metal 
were used. The capillaries were about 1 mni. in diameter, and in future work 
these will be reduced, so that the corrections will tend to become leas. 

The capillary tubing which was useil for the gauge had a diameter of 2 mm. 
and was uniform in cross section. The uniformity was such that there was no 
difference in level when oil was intrcnluccd into both limbs, whatever the 
quantity of oil used, provided, of course, that the tw'o limbs were open to 
atmospheric pressure. 

One other source of trouble which was only apparent in the first type of 
dilatometer was due to the fact that the grease of the stop-cock P (sec fig. 2) 
was dissolved by the paraffin oil, so that the oil, under pressure, tended to exude. 
This tap F had been included so that the oil could be placed inside the gauge 
after the apparatus had been filled with nitrogen. In the second apparatus 
there was no such tap, the oil being placed in the gauge before evacuation. The 
two taps L and M (see fig. 3) served to isolate the oil in the gauge during exhaus¬ 
tion from the remainder of the apparatus. 

The density of the specimens, at room temperature, was found from observa¬ 
tion on the apparent loss in weight when a sample was suspended in water. 
From the known mass of metal in the apparatus its volume was estimated. 

Mode of Procedure. 

AVhen the dilatometer had been duly mounted on a stand, the thermostat 
was maintained at room temperature until the temperature was constant and 
uniform throughout, when the taps P and Q were closed, and remained so until 
the close of the series of experiments. The evaluation of the left-hand sides of 
the equation (3) was then made, and the experiment repeated at a higher 
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temperature, to discover the dependence of the volume of S upon temperature. 
Since, if accurate results are to be obtained, the temperature gradient throughout 
the bath, bulbs and specimen must never exceed 0*02° C.,'observations at 
any temperature were only made at intervals of never less than 90 minutes. 
The establishment of such steady conditions was proved by the following 
facts:— 

(i) The resistance of the platinum thermometer was constant. 

(ii) The levels of the gauge liquid did not alter. 

(iii) The height of the mercury above the glycerol or air in the thermo- 
regulator was constant. 


Typical Result for Bi-Sn Eutectic. 

Initial conditions gave for the L.H.S. of equation the numerical value 0*3028. 
t — 132*3° C. volume of mercury abstracted = 0*696 c.c. at 18° C. 

V = 41*66 c.c. £2 = 47*66c.c. 

V = 2*665 w = 2*420 at 27° C. (effect, temp.); 

therefore, if S is the volume of the solid at this temperature, we have 


0*3028 


41 *66 - S + (2*565) - 6*056 

47-56 -f 1^(2*420) -f ^ (0*596)’ 


whence S = 23-43 c.c. 


Summary of ResuUs. 
Table II.—(i) Lead-Tin Eutectic. 


Temperature. 

Volume. 

Specific volume. 

"C. 

c.c. 

c.c. per gm. 

Seriea (a)-— 


12*4 

6*01 

0*1192 

163*9 

7 06 

0*1216 

167*3 

7*06 

0*1218 

1760 

7*07 

0*1220 

182*4 

7*08 

0-1221 

Serki (6)— 



16*0 

17*79 

0*1193 

179-3 

18*22 

0-1222 

197*2 

18*68 

0-1263 

206*6 

18*73 

0-1266 

186*6 

18*66 

0*1261 

182*6 

18-66 

0*1261 

180*0 

18*23 

0*1222 
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The results in the above table are recorded in the order in which the observa- 
tions were made. Since this particular alloy does not expand on solidifying, 
it was possible to obtain a value for the specific volume at a temperature below 
the melting point (see Table II, last row). The agreement with the previously 
determined value in this neighbourhood is excellent, a fact which indicates 
the reliability of the present method. 


Table III. -(ii) Tin-Bismuth Eutectic. 


Temperature. 

Volume. 

Specific volume. 


c.c. 

c.c. iior gm. 

13*0 

23*14 

o-iies 

580 

23*23 

0*1170 

86-0 

23-31 

0*1174 

117*0 1 

23*40 

0*1178 

132*3 

23*43 

0*1180 

1.35*6 

23*43 

0*1180 

166*2 

23*48 

0*1182 

184*1 

23*55 

0*1186 

213* 1 

23*68 

0*1193 

151*0 

23 .36 

0*1176 

168*1 

23 41 

0*1179 

152*6 

23*35 

0*1176 

136*7 

23*24 

0 1170 


Again the results are recorded in the sequence in which the experiments 
were conducted. 

During the time when the experiments on the Bi-Sn eutectic were in progress, 
some observations were made which are worthy of record. After the 
attainment of a steady temperature throughout the bath, the pressure differ¬ 
ence did not remain zero but became finite, the variations not being continuous 
but spasmodic. It was supposed that these happenmgs could be attributed 
to the development of microscopic cracks in the metal, and that when these 
occurred the nitrogen filled them at once so that the gauge level altered. These 
were avoided in the final work by annealing the metal for several hours in the 
apparatus at a temperature about V below its melting point. During this 
treatment the cracks were developed to such an extent that afterwards no more 
were formed. It can, therefore, be concluded with certainty that this method 
does measure the volume of metal actually present. 

The results which have been obtained for these two eutectics are recorded 
graphically in figs. 6 and 7 ; in them the specific volume, i.e., the volume of 
1 gm. mass, is indicated as a function of the temperature. It is at once apparent 
from such curves that the function is linear for the liquid or solid metal and 
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that at the melting point there is an abrupt change in volume, such change 
taking place wholly at the melting point, and not over a range of temperature. 




In the case of the Pb-Sn alloy the coefficient of expansion of the liquid is 
practically identical with that of the solid, but this is not so in the case of the 
Sn-Bi eutectic, where a marked difierence is found. From these curves we 
obtain the following results:— 

(i) Contraction on solidifying for Pb-Sn eutectic == 2*6 per cent. 

(ii) Expansion on solidifying for Bi-Sn eutectic = 0*8 per cent. 

The present method appears to be limited in its application only by the choice 
of suitable baths and the materials out of which the glass is made or replaced. 

A criticism of the present method which is almost certain to be made is that 
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gas will be evolved from the glass walls and evolved or absorbed by the metals. 
That the volume of gas which is exuded when glass is heated is large, is only 
so when the gas is measured under low pressures and the temperature elevation 
has been considerable. Such evolution cannot lie anything but infinitesimal in 
the present experiments. In fact, if it were great, the validity of the tempera¬ 
ture deduced from a gas thermometer would be destroyed. 

Regarding the absorption of nitrogen by the metals which have been used, 
it has been shown* experimentally that the absorption is exceedingly small. 


Experiinenta with Tin. 

The above apparatus has been use<l by Mr. W. E. Goodrich, of this depart¬ 
ment, to study the volume changes associated with the solidification of tin. 
The results of Table IV are deduced from the observations which he has kindly 
placed at my disposal. Fig. 8 records these rt'siilts graphically. They are of 



exceptional interest since they testify further the reliable nature of this new 
differential dilatometer. The figure proves that not only does the method 
measure the abrupt volume changes at the melting point, but also indicates 
other discontinuities which may occur. In the present case the sudden volume 
change at 162® C. is clearly marked. 


* Iwaa^, ‘ Sci. Rep. TAhoku Univ,, Vol. 15, p. 531 (1025). 


2 Q 2 
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Table IV,—Tin. 


Temperature. 

Specific volume. 

Temperature. 

Speoiflo volume. 

“C. 

c.u. per gm. 

®C. 

c.c. per gm. 

16-0 

0-1376 

102-2 

0-1421 

140-4 

0-1406 

2106 

0-1421 

148*5 

0-1408 

227 S 

0-1424 

158-0 

0-1411 

231 •» 

0-1425 

1020 

0-1418 

232-0 

0-1407 

1790 

0-1417 

238-7 

0-1468 

187-0 

0-1418 

2S7-4 

0-1472 


In conclusion the author would like to acknowledge the helpful criticisms and 
suggestions which he has received from Prof. C. H. Desch during the course of 
the work. 


The Cause of the Colours shown during the Oxidation of Metallic 

Copper. 

By F. Horn Constabls, M.A., Ph.D. (London, Cambridge), Fellow of 
St. John’s College, Cambridge. 

(Communicated by T. M. Lowry, F.R.S.—^Received April 26, 1927.) 

During the initial stages of the oxidation of a clean metallic copper surface, 
and before the normal black colour of cupric oxide is finally attained, bright 
colonrs appear which pass through the first and second orders of the series of 
colours observed and tabulated by Newton* as characteristic of thin films of 
air of increasing thickness. These facts have been known for a considerable 
time, but though the interference colours of thin films of air and those of the 
oxide film are produced in the same order, grave doubts have existed as to 
whether interference was the cause of the colours shown by the oopper.f 

This problem has been approached from measurements of the intensity of 
the light reflected from copper oxide films of known thickness, and the results 
show that interfwence is actually the cause of the production of tiie colour, 

* BoUet has very oarefolly re-invMtigated the phmomenon, and tabulated the colours 
and the oonesponding thioknessea (‘ Sitzungsb. Akad. Wien,’ vol. 67, p. 229). 

t MnllocA, Raman, and Hinshelwood tiiought that interference colours were impossible 
in a film backed by a good reflector. 
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though the result is complicated by the opacity of the film, the dispersion of the 
oxide, and the scattering of the light complementary to the film colour when the 
metal is burnished. 

Owing to the high refractive index of the oxide the light within the film is 
almost normal to the surface inside the film whatever may be the angle of 
incidence in air, and thus the absence of any marked variation in the colour, 
with the direction of the incident light would be expected, and is characteristic 
of the colours produced. 

The diffraction theory supposes that the colour is due to many small spheres 
of copper sheathed around with oxide, the extent to which each is converted 
into oxide determining the colour of the diffracted light.* It will be shown 
later that Hinshelwood’s own observations strongly support the interference 
theory and are confirmed by the present work. The remarkable optical pro¬ 
perties of, and the changes in colour of, thin gold and silver films observed by 
Beilby,*!* and those of potassium and sodium films on glass observed by Wood,'i 
drew the attention of Maxwell Gamett§ to the behaviour of minute mc'tallic 
spheres whoso diameter was small compared with the wave-length of light, and 
he considered quantitatively the problem presented by light traversing a 
medium containing many small metal spheres to a wave-length of light. He 
found, using the results of Herz,|| Rayleigh,^ Lorentz,** and Lannor,tt that 
such a medium was optically equivalent to a substance having a calculable 
refractive index n* and absorption k ; and gave a satisfactory explanation of 
the behaviour of these thin metallic films. The results in no way resemble or 
give a clue to the behaviour of the copper films on oxidation. 

The objections raised by Mallock and Raman* were founded on the apparent 
impossibility of obtaining interference in a thin film backed by a perfect reflector, 
for the stream of light that would be transmitted in the absence of the reflector, 
and which would be complementary to the colour of the film, is superposed on 

* Hinshelwood. ‘ Roy. Soc. Proo.,’ .4, vol. 102, p. 318 (1923); Raman, * Nature,* vol. 
109, p. 105 (1922), and Mallook, ‘ Roy. Soc. Proo.,’ A, vol. 94, p. 501 (1918), having raised 
objections to the interference mechanism of production of colours on tempered stoe Isome 
time previously. 

t ‘ Rpy. Soc. Proc..’ A, vol. 72, p. 220 (1903). 

t ‘ Phil. Mag.,’ vol. 3, p. 396 (1902). 

{ * Phil. Trans.,' A, vd. 203, p. 385 (1904). 

II * Ausbreitung der eleotiischen Kraft, Leipzig,' p. 150 (1892). 

If ‘ Phil. Mag.,' vol. 44, pp. 28-62 (1897). 

•• • Wied. Ann.; vol. 9, p. 641 (1879). 

tt ‘ Phfi. Tmns.; A, vol. 189, p. 283 (1897). 
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the ordinarily reflected light and no interference effects can be produced. Wood* 
has shown that if a collodion film be deposited on a bright silver mirror by means 
of chemically pure ether, then no colours are developed, thus experimentally 
confirming the theory. It was found that if the surface was breathed upon, 
bright colours immediately made their appearance ; and microscopic examina¬ 
tion showed that the plane surface of the collodion had developed granulations 
that were just visible under the highest powers of the microscope. Light of 
colbur complementary to that of the film was found to be scattered sideways 
by the film. The explanation advanced by Wood is as follows• 

“ If we consider some value of X, for which the path difference between the 
rays reflected from the collodion and metal surfaces amounts to an odd number 
of half waves, the colour corresponding to this wave-length will be weakened 
in the reflected beam owing to interference. In the case of transparent thin 
films the absent colour appears in excess in the transmitted light, while in the 
present case it is thrown back through the film by the metal surface. It is 
thus clear that the colours which are weakened in the reflected light are made 
to traverse the frilled film a greater number of times than the colours for which 
the path difference is an even number of half waves. This accounts for the 
fact that these colours are more strongly scattered by the granulations of the 
films.’' 

It was also found by direct experiment that frilling the collodion surface 
increased the brilliancy of the reflected light about three times, and that the light 
was reflected regularly. Such results with collodion at once recall the behaviour 
of copper reduced from oxide during activation. At the first oxidation the 
colours are dull, but become much brighter after two or three alternate oxida¬ 
tions and reductions. The increasingly fine structure present after activation 
enables the light, which owing to interference cannot be transmitted through 
the film, to be scattered sideways from it. It is worthy of note that a brightly 
polished rod of copper shows brilliant colours on its first oxidation, and that 
the duller the polish the duller the colour. 

Microscopict examination of the partially oxidised copper surface with a 
power of 1,260 showed that the copper had a granular structure. The surface 
was composed of patches; each patch having the same colour had similar grains. 
Those areas on a composite film with the larger grains were oxidised to a much 
less extent than those which had a smaller size of grain. Each individual grain 
appeared of a uniform colour, the intensity of which was greatest at the centre 

* * Phil. Mag.,' vol. 7, f). 385 (1904). 

11 am much indebted to Mr. Rawlings for the loan of hu metallurgioal microsoope. 
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and faded off toward the grain edges, which seemed black. Thus the colour 
of the diffusely reflected light is not compound in the sense that the centre of 
the grain is of different colour to that of the edges. Thus the colours shown by 
a film may be made truly homogeneous if special precautions be taken in the 
preparation and activation of the films so that the oxidation of all parts of the 
surface occur equally fast. A method has been developofl which produces 
such uniformity quite often. 

The Prodvetion of Vnifonnly Activated Filme. 

A clean piece of linen, saturated with very viscous oleic acid, was dipped in 
powdered cupric oxide, and a thin coating given to the china clay rod, which 
appeared of a uniform grey colour. The rod was made uniformly red hot, and 
alternately oxidised and reduced at this temperature by taking it in and out of 
the gas flame. When cooling, the surface was rubbed with another oxide 
coated rod, until the oxide layer was polished to a uniform jet black. A second 
coat of oxide was put on similarly and polished, but the final layer was left 
unpolisheil, for the colours appeared more markedly on the dull surface. The 
hot rod, held in an ordinary cork, was inserted in a test-tube containing boiling 
methyl alcohol vapour. Immediate reduction to copper occurred, and the 
rod was activated by repeatedly inserting and withdrawing it from the test-tube. 
When the rod was so cool that reduction became slow, the cork holding the rod 
was firmly inserted in the tube, and the whole was left to cool in the methyl 
alcohol vapour. When cold the rod was removed and placed in a test-tube 
evacuated by a pump, and left for 30 imnutes so that the alcohol remaining in 
the rod could be vaporised off. Such a film possesses a metallic lustre, and 
appears continuous to the eye. 

If care be taken to heat the rod uniformly before the reduction then very 
homogeneous copper films are produced even if the treatment is not continued ; 
but throe further oxidations and reductions were made in the furnace, fig. Ia, 
under standard conditions of temperature.* 

The Production and Fixation of the Colours, 

(1) With activated supported copper films. The china clay rod E supporting 
the metallic copper film, activated as in the previous paragraph, was intro¬ 
duced into the electric furnace, fig. 1 a. being held concentrically in the furnace 

• PkUmer, ‘ Roy. Soo. Proc.,’ A, voL 103, p. 444 (1023), and Dunn, ibid,, vol. Ill, p, 213 
(1020), both agree that after two or three oxidations and reductions under standard con¬ 
ditions the film settles down into a reproducible .state. 
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tube by the clip P on the non-conducting rod 0, which passes through a rubber 
bung at the end of the tube. To secure uniformity of temperature over the whole 
surface of the metallic film and at the same time to render the film always 
visible to the operator, the glass furnace tube was uniformly wound with 
nichrome wire. Through the spacing between the individual turns of wire the 
metal film could be watched, though it is advisable not to use carbon monoxide 
very frequently as reducing agent after oxidation, because a slight film of 
volatilised copper settles on the glass making the glass turn a dirty brown 
colour. After the introduction of the metallic film, the glass furnace was 
evacuated, filled with carbon monoxide to prevent oxidation of the copper, 
and heated to the desired temperature.* When temperature equilibrium had 
been attained, the carbon monoxide was removed by evacuation, and air 
suddenly admitted. The colours appeared on the copper with a rapidity that 
varied with the temperature. It was found that the oxidation could be 
immediately brought to a standstill by evacuating the air from the furnace 
tube. The absence of leak, and the stability of the films to heat treatment 
were both demonstrated by beating the film in the evacuated furnace to 360^ C. 
for one hour when not even the slightest change of colour was noticed. The 
current was switched off while the furnace was still evacuated. When cold, 
it was found that the oxide film was sufficiently stable to keep its colour in dry 
air for some days. Wetting the film hurried the oxidation considerably, but 
after a time all films so prepared reached the golden yellow stage of oxidation 
even at room temperature. 

Stable coloured films can thus be produced for spectrophotometric analysis, 
by sudden evacuation of the furnace tube when the desired colour is attained, 
and subsequently allowing the whole to cool. It was desired to study the light 
from a film of gradually increasing thickness, and so the oxidation was arrested 
at frequent intervals, and the light from the rod compared with the light 
reflected under similar conditions from a white china clay rod of similar 
dimensions. At first attempts were made to use a single rod for one whole 
series of experiments, placing it back in the furnace after examination, evacu¬ 
ating, heating to the desired temperature, and re-admitting air for the same time 
interval as before. Exhaustion caused the oxidation to stop, and on cooling 
the colour was examined as before. It was found, however, that this pro- 

* The furnace temperature was calibrated against the ammeter reading A, by inserting 
a themometer in place of the rod E. Any desired temperature could be obtained by means 
of the rheostat R. The time taken for the tube to reach temperature equilibrium was 
estimated by similar means. 
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cedure did not produce the full colour sequence, and that though the oxidation 
did proceed after having been arrested, yet it proceeded much less regularly. 
In the end it was found far more satisfactory to use a different rod for each 
experiment. Care was taken to prepare each in exactly the same way, and to 
heat them to the same temperature for the same time before oxidation. The 
only difference in the treatment of each lay in the increasing time intervals 
they were exposed to the air. Evacuation followed immediately after, and 
the furnace was allowed to cool to room temperature always before the rod was 
removed into the air again. 

(2) Massive copper was obtained in rods, of the same dimensions as the china 
clay, and well polished with emery paper. A single rod was introduced into the 
furnace in a carbon monoxide atmosphere, and when the tube had attained the 
desired temperature it was evacuated and air let in. The colour of the rod was 
fixed by evacuation, followed by rapid cooling, as before. 

Arrangement of the Spectrophotmneier. 

It was first attempted to determine the spectrophotometric record of the 
film oxidised in situ in a glass tube surrounded by nichrome heating wires; 
but the attempt resulted in failure because the reflection from the glass surface 
was very strong and reduction of the film after oxidation caused the formation 
of a thin film of metallic co])pcr on the glass, which became increasingly opaque. 
The method described in the previous paragraph was highly satisfactory, pro¬ 
ducing a film which could be handled easily in air. Fig. Ic shows the apparatus 
for comparing the intensity of the light (of any given wave-length) reflected 
from the film, with that reflected from a rod of pure china clay of the same 
dimensions. The coloured rod £ was held in a screw clip, side by side with the 
china clay rod F, in the stand G. Light from the 400 c.p. Osram lamp A, 
whose filaments were 27 cms. away from both rods, shone on the two rods fully, 
while the fixed shield B and the moving shield G, caused the black cloth D, 1 
metre in the rear of the rods, to be in deep shadow. The use of a bright source 
of light enabled the experiments to be carried out in the ordinary laboratory, 
no specially darkened room being necessary. Fig 1 b shows the rods E and F 
backed by the black cloth, with the positions of the windows of the Nutting 
photometer H dotted in front of them. 

Care is necessary in the adjustment of the rods £ and F so that their images 
may be superposed by the Nutting photometer H. The distances* of £ and F 
from the windows K and L were arranged so that the images of both would 
* EK » ie*0 ; FL =B 17*2 omi. in the aptual appsfmtni. 
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coincide in the photometer H when the rods examined were vertical, and were 
adjusted so that the image of each in the respective window of the photometer 




Fio. 1.—Apparatus. 


was completely hidden by the object when viewed from Z. The photometer 
was useil in conjunction with a Hilger wave-length spectrometer, the centre 
of the triply divided field of which showed the spectrum of the light from F 
the ehina clay standard, while the upper and lower spectra were those of the 
coloured film under examination. Any portion of the spectrum could be 
selected for examination, and by rotation of the graduated second nicol of 
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the photometer H the intensity of the light from the copper film E, whose wave¬ 
length was read ofE the drum of the spectrometer, could be compared with that 
of the light similarly reflected from the china clay standard F. 

A blank experiment showed that the light which entered from the cloth 
background was too small to be detected hy the instrument when the standard 
of comparison was the illuminated china clay rod. 


Corrections for the Zero Error of the Instrument^ the difference of dislatice between 
the two rods and the photometer windows, and diffenmees in the intensity of 
iUumination of the two surfaces. 

Let the sufRx I denote quantities for the coloured film E, while 2 denotes the 
some quantities for the rod F. 

Let 


be the effective distances of the two rods from the photometer. 

L|, L2 be the intensity of the light incident on both rods. 

<f>2 fraction of the incident light of wave-length X which is 

reflected from the surfaces. 


When the second nicol has been rotated so that the light from the china clay 
rod exactly balances that from the film for a given wave-length, the reading on 
the photometer drum dx is the ratio of the logarithm of the intensity of the 
light from the china clay rod ly, divided by the intensity of the light from the 
film I. 

Henott 


But 


dx = logioTo/I, 


( 1 ) 


and 



therefore 





( 2 ) 


If two similar china clay rodsf be compared by the instrument in the same 

* An inverse square law is assumed because the source of reflected light ivas quite 
smalU compared with the distance from the photometer windows. Any iwwei law would 
give (4) unaltered. 

t The two rods were chosen as optically similar by trial. When reversal of the positions 
of £ and F caused no change in the photometer readings, the two china clay rods £ and F 
were taken as optically similar. 



578 


F. H. Constable. 


cokwied light, then the value of observed is found not to be zero, but can 
be made small throughout any series of experiments by regulating a^, Og and 
Li, L|. This adjustment was always made. Let be the value observed for 
the density with light of wave-length X, comparing two optically similar reflecting 
china clay surfaces. Since bave 

'V-logio^. (3) 

Subtracting (3) from (2) we obtain 

hgro^^id.-d,'). ( 4 > 

9i 

The spectrophotometer thus determines directly the logarithm of the 
reciprocal of the relative intensity of light of a given wave-length reflected from 
the copper oxide film, provided the corrections for the above sources of error 
are subtracted from the photometer readings. 


Table I,—Corrections. 


Ware-length. 

Density on photometer.* 

Mran rorraotion 
d/ 

Rods arranged 

EF. 

Rods reversed 

FE. 

4S00 

0-14 

0-24 

010 

4600 

0-13 

0-23 

0*18 

4700 

0-16 

0*26 

0-20 

4600 

0-08 

0-16 

0*12 

4000 

0-10 

0-18 

0-14 

6000 

0-07 

0-13 

O'lO 

6100 

0-06 

0-12 

0*00 

6200 

0-07 

0-13 

0*10 



0-16 

0*11 

5400 

008 

0*14 

0*11 

5600 

0-06 

0-12 

0-09 



0-12 

0-08 

5700 

0-04 

0*10 

0-07 

5600 


0-10 

0-07 



0-11 

0-08 


0*06 

0-12 

0*00 

6100 

0-07 

000 

0*08 



0-10 

0*08 

6800 

0-07 

0*11 

0*00 


0-06 


0-06 

6500 

0-06 

0*06 

0*06 


* The meui of three Mdingi of the photometer was always taken, ample time being allowed 
for the eye to rest after each determinauon. 
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Table II.“-Rollet’s Table (* Sitzungsb. d. K. Akad. in Wien/ vol. 57, p. 229 

(1878)). 


Older of colour. 


I 



Pelegraea 
Cleer yellow green 
Clear yellow 
Qolden yellow 
Orange 
Red 

Deep purple 

Violet 

Blue 

Clearer blue 
Bluiiih green 


2-57 

2-72 

2*82 

3*00 

3*52 

3*72 

3*87 

4*00 

4*35 

4*65 

4*00 



^500 5000 5500 6000 6500 


Wave length A.U. 


Eko. 2.—Showing abaorption band moving from the violet to the red end of the speotrom i 

the oxide film thiokena. 
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Fio. 3.—Showing the appearanoe of atrong reflection in the violet, moving towards the red 
aa the film thickens further; when the band approaches the red, a second violet abaorp- 
Ution band makes its appearanoe moving towards the red. 


RetuUs. 

A supported copp<» film was oxidised for the time intervak stated below, 
and then allowed to cool t» vacuo. The spectrophotometric record of the film 
compared with china clay was then taken, the colour of the film being recorded 
in accord with BoUet’s table of colours jpven above. 
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Table III. 


Time of 
oxidations 
in secs. 

lour of 
film 

Miflwtcd 

Thickness 
of the air 
film of the 
same colour 

Intensity 
curve of 
reflootod 

Wave-length of maximum 

at 200° C. 

ight) 

(by trans¬ 
mitted light). 

light. 

Absorption. 

Reflection. 

0 

MetoUio 


Fig. 2 A 



a 

Brownish 

1-07-1-16 

C 

4-8xl0''^ 


7 

own 

1-24 

D 

51 


8 

urplo 

1 29 

F 

6-4 

— 

9 

lolet 

1*35 

F 

6*5 

. 

12 

Dark blue 

1*40 

Q 

0*4 

-- 

During a considerable period of time the colour 
intensity os the Umo proceeds. 

is greenish but reflects light with moreosing 

45 

Bluish green 

2-46-2-72 

Pig. 3 H 


4*9 

61 

Yellow 

2-82-3-00 

I 

— 

61 

75 

Orange yellow 

300-3-62 

J 

— 

6*2 

106 

Orange red 

3*52-3‘72 

K 

4-0 

6-3 

112 

Reddish 

— 

L 

5*1 

h-4 

126 

Feeble violet 

_ 

M 

5*5 


150 

Almost black 

“ 

N 

-- 



These results show quite clearly that the first result of oxidation is to diminish 
the quantity of light generally reflected from the surface. The diminution is 
most marked in the violet; then as the film of oxide thickens, the wave-length 
which is least reflected moves toward the red end of the spectrum. The greens 
persist over a considerable range of thickening of the film, during which the 
intensity of the reflected light of all wave-lengths increawjs, a violet wave is 
most strongly reflected at first, and as the film thickens the colour of the rays 
which are most strongly reflected move toward the red. As the red is reached 
an absorption band makes its appearance in the violet again and travels toward 
th^ red. Thus the film shows all the characteristics of interference colours. 


Evidence that the equivaJerU air thickness of the Oxide Film is directhf j^opor- 
tional to the Quantity of Metal Oxidised. 

A quantity of copper wire, which had been cleaned with emery paper, was 
inserted into a glass tube, provided with a water manometer, which communi¬ 
cated with a ftimiliir glass tube into which no copper was placed. Both tubes 
could be evacuated or filled with air simultaneously. They were heated up to 
260® C., and air suddenly admitted to both by means of a single three-way tap.* 

* A blank experiment admitting pure nitrogen showed no change in the water levels on 
ataoding. 
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Fio. 4.—Showing the equivalent eir thickness of the oxide film directly proportional to 

the oxygen present. 



Fio. 5.—Showing the fall in eleotrical conductivity of an oxidised film is directly propor¬ 
tional to the equivalent air thickness. 

The tap was immediately afterwards turned so that the two tubes were dis¬ 
connected. The colours of the copper wire surface were observed and the 
corresponding pressures on the water manometer were recorded. The results, 
fig. 4, show that the thickness of the oxide film is approximately proportional 
to the fall in pressure in the tube, and thus to the quantity of oxide present. 
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ExperimcutH wi^rc also made on supportoil films connecting the fall in 
electrical conductivity with the equivalent air thickness of the oxide layer. 
These arc shown in fig. 5. Curve I represents a fully activated film, while curves 
II and III were obtained after sintering the original film by heat treatment. 
In all cases the thickness of the film is directly proportional to th(! fall in con¬ 
ductivity. 

Thtiory of Production of tim Colours, 

The yellow metidlic colour of the copper becomes brownish when the thinnest 
films of oxide arc formed upon it, and the maximum absorption commences in 
the violet. Thus tluTe is a change of phase of the light on rofl(‘ction at both 
the film and at the copi)er surface making a total change of phase of one wave¬ 
length. The colour of the film is thus the same as if there were no phase change 
at all. Cupric oxide shows normal dispersion* which is considerable, and 
exaggerates the colours produced by intcrfercucc. 

Interference between the rays reflected at the air-cupric oxide interface, and 
those returning after reflection at the copper-oxide interface occur when 

where » — 1, 2, 3, etc. (the value of n being limited by the general absorption 
in the film); and 

I ^ the thickness of the oxide film, X the wave-length of maximum absorp¬ 
tion in the spectrum of the reflected light, and p is the refractive index of the 
film for tliis coloured light. Thus 

i — X/4p for the first absorption baud, — 3X/4|x for the second, = 6X/4p for 
the third ; there being maximum interference in the film for these thicknesses. 

For the waves to reinforce 2t = wX/p where n == 1,2, ... hence t ^ X/2p, 
etc., for maximum reflection. 

Proof that the absolute thickness of the Oxide Film of the order of and 
approximately the absolute fnagnitude of that required by the Interference 
Theory. 

If a piece of burnished metallic copper be oxidised to a given colour, and 
measurements ore made of the mass of cupric oxidef per unit area and the 

* Kundt, ' Sitz. Akad. Wisa.,' Berlin, p. 268 (1888). Owing to the high refraetdvo index 
of the ouprio oxide the light inside the film is almost normal to the surface. 

t Metallurgists are agreed that though ouprio oxide is stable at low temperatures, and 
cuprous unstable, the bulk of a thick oxide film is cuprous oxide. The soiiace, however, 
was invariably blaok at the finish of these oxidation experiments, and it was assumed that 
the colours occur in a thin veneer of cupric oxide. A thin coating of cupric oxide over 
tile ouprous has been observed in the majority of cases of oxidation. 

2 R 
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position of tho intorforonoe or reflection band in the spectrum is determined, 
then if the refractive index of the oxide be known the thickness of the oxide 
film can be calculated by two independent methods. 


Table TV. 





Kef rai five 


Thickness of film. 



of 

index 

Mass (’uO 



Order. 

('olour. 

ma\tmum 

eorrtMpotidirij( 

per s(j. em. 





nbioiptioii in 

to absorption 

of surface 




H]K‘CtlUm A. 

band fi. 

in 

3A/1m. 


1 

rnm. 


Kms. 

cms. 

emM. 

1 

Hed bro'w ii 

! 4-8a10-» 

a (H> 

1 3 1 <10 

1 0-39> 10-& 

0 48x U)-» 

I 

Dark vioiet 

a 5 

2 sa 

j a:t 

0 48 

0 

11 

' Orance rt<l 

' 4*S 

10 

1 ill 

! 1 IS 

Mr* 

11 

Kliie 

1 

1 

2 82 

j 11-4 

i 154 

ISI 


Tho values of the refractive index assumed are those obtained by plotting 
Kundt's data* and drawing a straight line through tho points. The value of 
the refractive indices taken in the table above \ven» so obtained, but as can be 
H(*on by reference to the paper they can be regarded as approximations only 
though sufficiently accurate for our purpose. A copper prism whose angle was 
Iff degrees, w'as ignited, and the deviation produced with light whose wave¬ 
length was 4*3 and 0*46 X 10““'^ cms. was measured, giving ff-18 and 2-05 
for the respective indices. 

The agreement between the two methods seems on the whole to be satis¬ 
factory considering the great experimental difficulties in the way of making 
accurate measurements. 

Hinshehvood* has brought forward experimental evidence in favour of a 
diffraction mechanism of production of the colours, and his experimental work 
is practically all confirmed by the present work, but these results can nearly 
all be predicted from the interference theory. 

HinsMwood's Observatioiis. 

lie states {toe, eit,, p. 322) that the brilliancy of the colours increases rapidly 
on activation of the reduced copper film. This was confirmed, but the colour 
sequence, though fainter, did not appear to be altered. Copper wire, cleaned 
with emery paper, showed the same colour sequence as activated reduced copper, 
and the colours were practically as brilliant, persisting till the third order was 
attained. 


♦ Loc, eU. 
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The ratio of the amounts of oxyg«‘u combined for various surface colours was 
found to be constant, and the ratios that Hinshelwood determined are given 
below and can be seen to be in satisfactory agreement with those calculated 
from Rollet’s values of the corresponding equivalent air thicknesses divided 
by the respective refractive indices. 


TabU‘ V. 


Colour. 


Purple 

Blue 


Light green 
Secona puri>lo 
Second blue 


Ratio of 

oxygen a 1 HOrbed. 
(HuiMliolwiKid.) 

Uullet*H air 
film tlu< UnosM 
for Kamo colour 

Moan q. 

Refraetive 

index. 

Ratio of 
oxygen aba. on 
uitcrference 
theory. 

?/m. 

0 40, 0-38, 0 41 

1-29 

2 07 

0 47 

0*«4, 0 r>u 

r N7 

2*87 

0-71 

lUHJ 

2 72 

2*97 

100 

1 3 

3-87 

3 0 

1-4 

1 (i 

4 63 

2 9 

1-7 


Table VI.—The values of the mass of cupric oxide on copper foil and the 
corresponding coloiu: afford a means of estimating the film thickness 
corresponding to the colours in Hinshelwood’s experiments. 


Colour. 

Maaa CuO p<‘r 
unit area 

Equivalent air thickness. 

Thickness of film. 


X graius, 

(*.) 

liangp. 1 

Moan 
q ems. 



Purple 

Blue . 

Light green 

1 

3'OxlO® 

4-3 

73 

1 20 

1*40 2 35 

2 72 

1.29^.10“» 

1-8S 

2 72 

0-47xlO-» 

0 07 

110 

0*43vl0-« 

0*06 

0*05 


The values of the thickness thus obtained are of the same order of magnitude, 
and are numerically quite as close as would be expected. Wien the film is 
activated by alternate oxidation and reduction the amount of oxygen taken up 
by unit area of the film is increased, but the effect may be explained by sup¬ 
posing that the activated copper has a granular structure so that its surface is 
increased. Thus this evidence is consistent with the interference mechanism 
of production of the colour. The table below shows the ratio of the plane 
surface area of the copper to the area calculated from the amount of oxide 
present on the surface and the observed colour. 


2 R 2 
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Table VII.—The increase in area of copper foil after heating in air and reducing. 


Colour. 

Ratio of plane surface of copper to surface exposed 
to oxidation. 

Foil. 

Foil hcafed for 10 hours 
and reduced. 

Purple 

MU 

2-02 

Blue 

1(H 

2'78 

Light green 

1*28 

2*44 

Mean 

Ml 

2-«l 


Thus it can be seen that while the observations used previously to support the 
diffraction theory of the colours, ctjually support the interference theory, the 
behaviour of the reflected light from the film makes certain that the colour is 
produced by a true interference mechanism, and the absolute thickness of the 
film calciilated from the amount of oxide formed and the position of the 
absorption band together with the refractive Index agree. The general absorp¬ 
tion in the film is such that colours after the second order are difficult to obtain, 
and though third order colours can sometimes be observed, often the film merely 
becomes black. 

Discussion of Results. 

Objections have been raised to the interference theory of colour by pointing 
out that though the colours are formed in the order that interference colours 
are usually observed, when the film is afterwards made thinner the colours do 
not change in the reverse order.* There seems to be a random factor associated 
with the removal of the oxide layer, which sometimes enables the colour sequence 
to be retraced and at other times not. After the green stage is passed it is 
very rarely that the colours are reversed when the oxide is dissolved off with 
dilute hydrochloric acid, or if the film be reduced by carbon monoxide. 

It is known that carbon monoxide only reduces copper oxide at the interface 
between the oxide and the metal, and that the velocity of such chemical change 
does vary with the energy excess at the interface and the permeability of the 
oxide film. 

* U. R. Evans has obtained a considerable amount of qualitative evidenoe in favour of 
the interference theory, and has devised a method of cathodic reduction which may be 
used to cause a uniform thinning of the film, and so causes the reversal of the oolour 
sequence. *J. Chem. Soc./ vol. 127, p. 2484, *Boy. See. Froc.,’ A, vol. 107, p. 228 
(1926). 
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Thus there is no certainty that the copper nuclei present at the base of the 
film will grow uniformly beneath the oxide film, and so reduce the thickness 
of the oxide layer in the uniform manner which was so characteristic of its 
growth. The appearance of the film shows that the metallic copper often 
appears in patches over the surface. With activated films the colour becomes 
yellower till a metallic tint is reached. More rarely the green film becomes 
darker, passing through red and brown to yellow, showing the regular thinning 
of the film. 

The colour sequence can also sometimes be retraced if the coi)per film, 
oxidised to the green stage, be jdaced in cold and very dilute hydrochloric acid, 
when it will be observed that a dark violet followed by a red colour will be 
produoe<^l before the oxi<le is completely dissolved off, and the matte surface of 
the underlying co])per is cx})osed. 

In both cases it seems that it is only rarely that the chemical reagent attacks 
the film sufficiently regularly to cause the retracing of the colours in order. 
The irregular removal of the oxide in patches is accompanied by a general dulling 
of the film colour which gradually merges into yellow. 

The production of tlic oxide film on metals occurs by diffusion through a 
layer of oxide already present, and since the volume of the oxide is somewhat 
greater than that of the metal from which it was produced, both processes tend 
to the production of a uniform film. A local thin place in the film will be 
supplied with oxygen more readily, while a projection will be correspondingly 
badly supplied. Microscopic examination of the film failed to reveal any 
absence of colour in the single grains, the only change in colour under a power 
of 1,250 being caused ))y the darker boundaries of the grains. Thus it appears 
that the spectrophotometric observations of the reflected light from the film 
gives the actual colour of the centre of the grains, which enables the actual 
colour of the thin film to be followed as the thickness increases. 

My thanks are due to Prof. T. M. Lowry, F.R.S., for the use of his spectro¬ 
photometer without which the work would have been impossible. 

Sumwary. 

Chiefly owing to the apparent difiiculty of obtaining interference colours in 
thin films backed by a perfect reflector, Mallock, Raman, and Hinshelwood 
have abandoned the interference theory of the formation of colours on steel and 
copper during oxidation. Wood has shown that collodion films deposited on 
bright metallic silver do not show colours, unless the collodion-air interface be 
made ixrc^gular in such a manner that the light which has been prevented from 
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emerging from the film because of interference can be scattered sideways by the 
film. Very bright colours may be produced in this manner. 

A considerable body of evidence has been obtained that the protluction of the 
colours on metallic copper is due to interference in a thin layer of oxide. The 
order of production of the colours corresponds with the order tabulated by 
Rollet for the interference colours of air films of increasing thickneas seen by 
transmitted light. At 210° C. purple of the second order is succeeded by black, 
but at 320° C. colours of the third order can be obtained before blackne.ss super¬ 
venes. For the jnirpose of experimental study the colours were defined by the 
equivalent air thickness, i.e., thc> thickness of an air film which would produce 
the same colour as the copper oxide film. It was found: 

(a) The fall in electrical conductivity of the oxidis'd film supported on china 
clay was proportional to the equivalent air thickness of the oxide film. 

(h) The equivalent air thickness was proportional approximately to the mass 
of oxide formed. 

(c) The wave-length of the maxima in the absorption or reflection bands in 
the spectrum of the light reflected from the film, move towards the red as the 
thickness increases. The first order colours arc characterised by absorption 
in the violet travelling to the red. The red absorption maximum is much less 
marked than that in the violet and the corresponding blue colour is feeble. 
A reflection maximum then makes ibi appearance in the violet and travels 
toward the red, the colours all being very light. A weaker violet absorption 
makes its appearance as the reflection in the red is disappearing, and the 
colours become much duller as the absorption band moves down the spectrum, 
blackness becoming marked before the red is actually reached. 

(d) The absolute thickness of the cupric oxide film calculated from the density, 
and the mass of oxygen taken up per square centimetre of the surface, agrees 
to within per cent., oven in the most divergent case, with the thickness calcu¬ 
lated from the position of the absorption band and the corresponding refractive 
index. 

(c) The amount of light scattered from a dull film seems negligible, but if 
the copper be highly polished then the scattering is marked from green films. 
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On the Electric Moment of tlui /Sulphur Complex. 

By A. M. T-aylob and E. K. Hwkal. 

(Conimu(iicat<Ml by Sir .7oB<»ph J. Thomson, F.Jl S.—Kocoivod May 12, l‘J27.) 

IkoixJly speaking, tlirce types of crystal stnicturo n\ay be recognised; (a) 
mterpen<drating arrangcinonts of atomic and electric lattices, the electrons 
being symmetrically disposed with reference to the atoms ; (b) neutral lattices, 
of which sulphur and phosjdiorus among the elements are examples; (c) 
ionic lattices, to which class most salts b<*long, in which the electrons arc un- 
symmetrically arranged so as to be in close relationship with particular atoms. 
Sir J. J. Thomson pointed ont that by a decrease of the closeness of this associa¬ 
tion between atoms and tlie linkage electrons, this type merges into the lirsl.* 
Franckf similarly distingiiislies between three kinds of linkage ; (i) xvher*' tlm 
electrons remain in unchanged quantum orbits, i c , homoj>olar linkage due to 
van der Waal’s forces owing to mutual polarisation of the atoms ; (li) where 
the linkage electrons occiqiy new <|iiantiim orbits wliich may be binucl<»ar, e.c., 
homopolar linkage such as occurs in mo]ectiI(*s of many gaii^s; and (id) true 
heteropolar linking where electrons have been bodily transferred from one atom 
to the other, and occupy new quantum orbits around a single nucleus. Link¬ 
ages of type (i) clearly produce crystal lattices of class (a), usually possessing 
electric conductivity, while those of class (ii) are concerned in the formation of 
insulators having neutral lattices of type ( 6 ). True homopolar linkage should 
give no active froquenidcs of vibration, or, if any exist, they shovdd be, according 
to Scliacfer,J of extremely W’cak resonant amplitude, and should lit; in the 
region where the wave length of the radiation is comparable to the atomic 
spacing. 

Nerast§ suggests thfit all crystals are. built up by homoi>olar linkages, but 
this would appear to be contrary to exp(*rienc(', crystals generally showing 
sharply defined absorption maxima in the infra-red. Kosscl is quoted by 
Braggll as supposing the CO 3 group in carbonates to be held together by hetero¬ 
polar attraction between the ionised atoms of the group. De,^ however, 

* Sir J. J, Thomson, ‘ 'The Electron in Chemistry.’ 

t J. Franck, ‘ Trans. Farad. vol. 21, p, .l-SO (102(1). 

J Schaefer, ‘ Forts, d. Minoralogie,’ vol. 0, p. 31 (1023). 

§ Nemst, ‘ Z. Angew. Chem./ vol. 36, p. 453 (1023). 

II Bragg, ‘ Roy. Soc. Proc.,* A. v«L 10.5, p. 370 (1934), and vol. 106. p. 346 (1924). 

^1 Dc, * Trans. Chom. Soc.,’ vol. 115, p. 127 (1919). 
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considers the binding to bo homopolar, while Bragg and Chapman,* 
Chapman, Topping and Morrabt ('hapman and Ludlam,J Kornfold,§ and 
Lennard-Jonosll all agree in supposing the group to consist of ions havit^; 
effective charges modified by dofonnation of the electronic shells. Fajans and 
.Toos,^ on the other hand, state that, contrary to Kossel's assumption, there 
seems to be* little reason for supposing the internal binding of the CO., ion to 
be by heteropolar linkages, they themselves being inclined to think that the 
setting up of an induced electric moment in the oxygen atoms, by reason of the 
deformability, provides a sufficient explanation of the stability of the group. 

It thus appears that there is a possibility of homopolar linkage being accom¬ 
panied by such deformation of the atoms concerncfl as to give rise to a pseudo- 
heteropolur linkage with conse<pient electromagnetic vibration frequencies. 
There will be an infinite gradation from true homopolar linkages giving crystals 
with small deformability of the atoms, through ty]>es such as that of the carl)on- 
ate grou[». in which the deformability being large, electromagnetic frequencies 
make their appearance, to true heteropolar linkages such as that between the 
CO 3 group and t)ie metallic ion, or between the K and Cl in potassium ehlorule. 

Since the forces of cohesion, adsorption,** and possibly of catalytic action 
arc apparently related to the electric moments of the molecules concerned, it 
is of great importance to attempt an evaluation of this quantity characteristic of 
the fundamental group, and, further, by a comparison of the allotropic forms, if 
any exist, to deduce the nature of the complex in which the electric moment is 
resident. To this examination sulphur lends itself particularly well. Sulphur, 
and, in fact, all the elements with more tlian four valency electrons, can combine 
in pairs of atoms to form electrically neutral groups,tt but that these groups 
in rhombic sulphur possess an electric moment is indicated by the presence of 
absorption bands in the infra-red transmission spectrum, examined by Cob- 
lentzfj and later by Martha Schubert,§§ while the large value of the energy 
necessary to disrupt the crystal lattice to form the vapour phase points to the 
same conclusion, being of the order of 30,(K)0 eals. per gm. molecule of Sj, or 

* Bragg and Chapman, ‘ Roy. Soi*. Proe.,’ A, vol. 100, p. 300 (1024). 

t Chapman. Topping and Morral, ‘ Roy. Soc. Proc..’ A, vol. Ul, p. 25 (1020). 

} Chapman and Ludlam, * Phil. Mag.,’ vol. 50, p. S22 (1925). 

§ Kornfeld, ‘ Z, f. Ph.vHik,’ vol. 20. p. 205 (1924). 

II IjennaFil-Jones and Dent, * Roy, »Sop. Proc*.,’ A, vol. 113, p. 073 (1920). 

Fajana and J 008 , ‘ Z. f, Physik,’ vol. 23, p. I (1924). 

Tioronz and Iiand6, * Z. f. Anorg. vol. 125, p. 47 (1922). 

tt Sir J. J. Thomson,' The Electron in Chemistry.’ 
tt Coblontz, ‘ Carneg. Inst, Wash. Pub.,’ vol. 35, p. 00 (1905). 

§§ Martha Schubert, “ Do(*torate Dissertation,” Bredau, 1915. 
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more than double that required for the vaporisation of water, water being well 
known to be a strongly })olar substance with a large electrical moment. 

It was therefore thought to be of great interest to examine in detail the 
various allotropic forms of sulphur and also the liquid phase for the existence 
of clectroinagnetically active vibrations, and to measure accurately the wave¬ 
lengths at which maximum absorption of infra-red radiation occurs, and also the 
value of the extinction coefficient at the maxima. From those experimentid 
quantities the magnitude of the <‘Iectric moment p may be determined, and a 
comparison of results found in the several solid and liquid phases leads to a 
.suggested structure for the sulphur complex. 


Experimental Details. 

The apparatus consisted in an Adam Hilger spectrometer with a rock salt 
prism for use in the region 4 -15 p and a quartz prism from 1--4 p. The radia¬ 
tion was provided by a Nenist glower running in series with a lamp resistance, 
off a 220-volt supply battery. The Image of the filament was focussed on to 
the aperture C in fig. 1, which could he covered at vrill by a sliding shutter 



Fra. 1.—Apparatus. 
N, Nernst gloiier. 

Ml Ml M* M 4 , Mirroni. 

W, Wadsworth mirror. 

P, Prism. 

S, Slits. 

T, Thermopile. 


B, ('atti-iron box. 

Q. G, Windows. 

C, Crystal holder. 
Ki K, Ka, Shutters. 

D, Wave dnim. 

A, Ammeter. 




Path of the radiation. 
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bearing the crystal specimen iinder examination, and the radiation transmitted 
was focussed on to the slit of the spectrometer. After analysis by the prism, the 
radiation was received by a sensitive thermopile connected to a galvanometer of 
the Paschen type having a figure of merit of about 19,0(K>, constnicted for us 
by Mr, A. C. Downing,* with the kind consent of Prof. A. V, Hill. The 
resistance vras 10 ohms and a deflection of 1 mm. at 1 -50 metres was produced 
by a current of 5 X amperes. The spectrometer and thermopile were 
enclosed in a cast-iron box, which was air-tight, and which was ]>rovided with the 
necessary windows, etc. (one being of rock salt for the admission of the radia¬ 
tion). The spectroiiK^ter drum w’as rotated from without by a glass rod carry¬ 
ing a key fitting on to the axis of the drum, the glass rod passing through a 
rubber bung and being lubricated with a mixture of graphite and glycerine. 
The leads from the thermopile wore sealed into glass tubes passing through a 
rubber bung. The reason for these precautions was that the thermopile was 
very sensitive to small heating and cooling effects due to chance adiabalic 
variations in pressure of the atmosphere,f and as the construction of the 
apparatus precluded the enclosing of the thermopile in a separate hermetically 
sealed container, the above method of shielding from atmospheric changes of 
pressure was adopted. It also had the advantage of keeping the spectrometer 
and prism at an even temperature, and a thermometer was fitted inside the case 
to record the mean temperature. The refractive index of rock salt varies 
slightly with the temperaturo.J and the prism was calibrated at 18° C. The 
galvanometer was stood upon a concrete pillar let into the foundations of the 
building, and it was shielded from magnetic disturbances by a Mu-mctal shield 
and a sturouuding soft iron case. In spite of these precautions it was found 
necessary to do all work after 10 p.m., and the most accurate readings were 
taken between 12,30 a.m. and 3 a.m., mechanical disturbances being usually at a 
minimum at that time. It was possible to read the deflection to 0 • 2 mm., and 
the magnitude was usually adjusted to be between 3 and 16 cm., at a scale 
distance of 1 • 6 metres. The entrance and exit slits of the spectrometer were 
always of equal width, and throughout the spectrum the slit widths were altered 
so as to use the narrowest slit consistent with accuracy of observation of the 
deflection. 

When the slit width is expressed in terms of wave-length separation, it is 
clearly useless to crowd the points of observation much more than four per slit 

• A. C. Downing, * J. Sci. Inat.,’ vol. 3, p. 331 (1026). 

t A, M. Taylor," Nature,' vol. 117, p. 892 (1026). 

t liebreich, ‘ Deut. Phys, Gw.,’ vol. 13, p, 1 (1911). 
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width, and at regions where the greatest accuracy was demanded, e.y,, at the 
bottom of an absor])tiou maximum, this was held to be the maximum useful 
limit to the density of points of observation. 

The Kernst glower w^asusually run on a current of about 0*7 ampere, and the 
greatest care Avaa exercised to maintain the same value throughout a series of 
readings. Measurements were made; by finding the deflection of the galvano¬ 
meter at any particular slotting of the wave-length drum (a) when the full 
radiation from the filament was entering the spectrometer, ( 6 ) when the radia¬ 
tion was partially absorbed by the specimen. The ratio of those deflections 
hja was taken as a measure of the ratio I//1,, w^hore is the intensity of the 
incident radiation and that of the transmittc<l radiation of wave-length lying 
between wave-length X—SX and X-}-SX, where 2SX is the slit width expressed in 
terms of wave-length separation. 

The wave-length scale was determined from Paschen’s figures in the tables of 
Landolt and Bornstein for the refractive index of rock salt at Id® C. In order 
to eliminate errors due to faults in the screw of the drum, etc., the following 
method was ailopted for calibration. The exit slit of the spectrometer was 
illuminated and the parallel beam reflected from the Wadsw^orth mirror was 
received by a telescope mounted on a table, the rotation of which could be read 
to 6 seconds of are. Keadings w'<*re taken every 0*06 revolution of the drum, 
and the refractive index of the prism for radiation passiiig at each position, was 


calculated from the formula for minimum deviation (x "= 



Paschen’s figures were plotted giving a graph of the refractive index with 
wave-length, and a smooth curve was drawm through the points (Ruben s 
figures w^erc added for comparison). From this graph and the calculated values 
of the refractive index a second curve was constructed sliowing the wave-length 


oorresponding to each position of the spectrometer drum. Ihis curve showed 
a pronounced periodic irregularity every revolution, and a smaller disturbance 
every half revolution, due to errors in th<i bearing surfaces of the axis of the drum 
and the lever arm of the prism table. The calibration curve so obtained agreed 
roughly with the maker’s calibration (which was approximate). The two 
absorption maxima of NH 4 CI at 3*24 |x and 7'07 p. (corrected value*) found 
by Reinkoberf and the maximum shown by calcite at rt-38 p found by 
Schaefer,^ as well as the maximum of emission of COj from a bunsen burner 


* Reinkober, ‘ Z. f. Physik.,’ vol. 35, p. 170 (1920), 
t Reinkobor, ‘ Z. f. Physik/ voi. 6, p. 102 (1921). 

X Schaefer, * Z, f. Physik,’ vol. 30, p, 648 (1926). 
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at 4*40 were found to lie on the calibration curve, which showed proof of its 
accuracy. 

The crystals of rhombic sulphur were cut perpendicularly to the acute bisectrix, 
but the direction of the prismatic sulf)hur \ras such that the normal to the plane 
of the crystal made an angle of 9® with one optic axis. Fairly large slabs of mono¬ 
clinic Bulphiur (3 or 4 mm. x or 8 mm.) were grown by slow cooling, in an air 
oven, of freshly melte<l sulphur* and consisted of adjacent twins,f the plane 
of the slabs being parallel to the basal plane “ C.” These slabs transmitted 
nearl)^the whole of the incident radiation of which the wave-length lay in region 
of zero absorption, the surfaces being sufficiently good to ensure scarcely any 
loss of light by scattered refraction. It was found impossible to keep these 
crystals sufficiently long to complete any measurements at room temperature, 
and it was necessary to construct a small heating coil wound on mica, which 
surrounded the crystal, the latter being sctaired to a small piece of aluminium, 
slotted to transmit the radiation, and thermally insulated from the holder by a 
sheet of mica (also slotted). By careful adjustment of the heating current, which 
was obtained from a constant voltage battery in series with a lamp resistance, 
it was possible to keep the crystal at a temperature just above the transition point 
of 96*4° C. for an indefinite time. Higher temperatures than this could not be 
used, otherwise the additional rise in temperature on passage of the radiation 
was sufficient to melt the crystal. For the examination of rhombic sulphur 
at 96® C., the current in the heating coil ivas slightly decreased in strength, so 
that the passage of radiation through the specimen should not raise the tempera¬ 
ture so much above the transition point as to cause the crystal to break down 
into the monoclinic variety. 

In the case of the supercooled liquid sulphur, or plastic form, it was very 
difficult to obtain a good preparation, or to keep it unchanged while measure¬ 
ments were made. For this reason the measurements of the absorption of the 
supercooled liquid are not exceedingly accurate. The specimens were made by 
dropping boiling sulphur on to a small slot 1*6 mm. X 6 mm., cut in a piece of 
heavy brass. The metal chilled the sulphur sufficiently rapidly for it to remain 
supercooled for half an hour or so, and if the brass rested upon a piece of mica 
during the preparation, it was occasionally possible to strip ofl the mica, leaving 

* This particular form of priamatio sulphur appeared to grow much more readily from a 
melt of fresh roll sulphur than from sulphur which had already been melted and cooled a 
number of times, and appeared to be dependent upon the relative proportions of SX and Sp 
in the molten liquid. 

t Groth, ** Chemi^ohe Kristaltographie,*’ I, p. 29. 
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a clean bright surface of the plastic sulphur, thus minimising the loss of energy 
by scattering. Other methods of preparing plastic sulphur on a support, e,g., 
mica, rock salt, etc., were tried but abandoned, owing either to the difficulty 
of supercooling or to the opacity of the support. 

In order to make measurements with liquid sulphur, a sn^all cell was con¬ 
structed, having 0-S metre of fine platinum wire wound ujion a small glass 
former of U-shape, about 3-5 mm. by 9 mm. This former was cemented between 
two rock-salt plates 0-5 mm. thick, with Ash’s dental cement, and the cell so 
produced was cemented to a brass plate having a slot 8 mm. x 3 mm. cut in it; 
the cell was thermally insulated from the brass by a packing of mica, and the 
cement was varnished with collodion to prevemt any leakage of the molten 
sulphur. The resistance of the cell was about 4 ohms and a current of 1-OG 
amperes w*as sufficient to maintain the cell at a temperature of approximately 
125® C., in which condition the cell could be filled with molten sulphur. The 
thickness of the layer of liquid sulphur thus available for measurement was 
0-20 cm. 

In all cases where the specimen was al)ove room temperature, slight emission 
was observed from the sulphtir, and this was eliminated by opening the shutter 
of the entrance slit of the spectrometer before reading the zero of the galvano¬ 
meter, and then on opening the shutter which covered the source of radiation 
the galvanometer deflection was proportional to the energy transmitted. This 
emission was so small that only in one case, liquid sulphur at 125® C., was it 
found possible to plot a curve showing the emission bands. 


Table I.—Chief Maxima in Absorption Spectrum of Sulphur. 


Form. 

Temperature 

(approx.). 

Wave ienfrth in cm. x 10“^, 






Rhombic . 


7-76 

10-73 

11-90 



7*70 

10-80 


Prismatic 


779 

10-80 


Plastic , 


7-08 


p: i^^B 

Liquid . 

i 


7-74 

10-78 

11-00 


Emission Maxima. 



®-C. 


10-76 

Liquid 

128 

1 

7-75 

ami 8-80 



1200 
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Table II. 


Wavo-lonKili. 

Sub;ttance. 

Tcmi)eraturt'. 

Galvanometer deflections. 

Tianamission. 

Air pap. 

Substance. 




cms. 

cms. 

Per cent. 

7*76^ 

Rliombic 

lA 

15-70 

7*50 

47-8 

7-79 


96 

15*7o 

8-00 

50-8 

7-79/i 

Pnsmutic 

96 

6-80 

4-50 

00-2 

7*68 

Plastic 

18 

18-70 

9-10 

48-6 

7*74/1 

Liquid 

12r> 

12 35 

5 40 

43 6 

10*73/1 

Rliombic 

IK 

33-50 

11-85 

35*4 

10 AO/I 


96 

3.1-so 

11-20 

33-0 

10*80/1 

Pri^jmatic 

96 

7 mJ 

4-72 

tm-B 

10*78 /I 

Liquid 

125 

(. 2o 

2 05 

42 5 

n-fiO/i 

Rhombic 

18 

0 40 

0-00 

U1 

11-07 /I 

»* 

or. 

6*(M> 

l-io 

i8-:u 

11-97 /I 

Pi ismatic 

or. 

4-10 

0-64 

15 6 

n-83 /I 

Plastic 

IK 

10-95 

1*25 

11 4 

ll-W /I 

Liquid 

125 

3-88 

0*15 

3-8 


Sesitlls of Experiment. 

The absorption and emission spectra are shown in the graphs, figs. 2 and 3. 
Curves A are for the spectra of rhombic sulphur at 18® C., the upper curves 
being for a thickness 0‘67 mra. and the lower curve for a thickness of 6*0 mm. 
Curve B is the spectrum of prismatic sulphur at 96® C. and cur>*e C that of 
rhombic sulphur at the same temperature. Curve D is the spectrum of liquid 
sulphur at 125® C. and curve E that of plastic sulphur at 18® C. The temperature 
shift between curves A and C is towards longer wave-lengths with increasing 
temperature, but is small and does not bear any obvious relation to the shift 
observed by Fukuda* in the visible, though it is in the same direction. The 
spectra of prismatic and rhombic sulphur at the same temperature are indistin¬ 
guishable within the limits of experimental error. The spectriun of liquid 
sulphur is very similar to that of the solid phases, but the maxima of absorption 
appear to be broadened and slightly shifted towards shorter wave-lengths, in 
contra-distinction to the temperature shift. The spectrum of plastic sulphur, 
so far as it couhl be measured, is identical with that of liquid sulphur. The 
emission spectrum of liquid sulphur shows maxima which may be said to 
coincide within experimental error with the minima of the transmission spectra. 
The maximiuu deflection was only 3*5 mm. however. The values for the de¬ 
flections obtained at the various maxima of the absorption spectra are given in 

* Fukuda, * Kyoto OoU. Science Mem.,’ vol. 4, p. 361. 



Electric Moment 0/Sulphur Complex. 


597 




J 4 3 6 / 4 «> 19 If U fj 1J »« 


wwcLCNcrH 

Fig. 2.—The Ab»orptU)U Speotriim of Sulphur Curve A, Khouibie Hulphur at 0. 
Curve B, Prismatie aiilplmr at 90” (\ Cur^c C, Rhombio Bulphiir at 96” C. Curve D, 
liquid sulphur at 125“ C. Curve TC, Pliistic sulphur at IS” C. 
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Fio. 3.—Emisaioa Speetrum of Liquid Sulphur, c. 125® C. 

Table II. The wave-length scale is accurate to about 0-01 fx and the ordinates 
which are proportional to the percentage transmisuon ate accurate to about 
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±0-5 per cent. In the case of rhombic sulphur at 18® C. (curve A) the ordinates 
have the actual values of the percentage transmission, but for the other curves 
they are proportional to the transmission, the proportionality factor being as 
nearly unity as could be judged from the small specimens available. 

Discussion of R€S}ilt8. 

From the graphs it will be seen that the characteristic frequencies of vibra¬ 
tion of sulphur arc almost the same in all the phases rhombic crystalline 
solid, prismatic crystalline solid, plastic or supercooled liquid, and molten liquid. 
This surprising result indicates that whatever complex is responsibh* for these 
vibrations, persists unchanged throughout the three phases. Further, the 
presence of active frequencies capable of affecting the passage of an electro¬ 
magnetic wave points to the existence in this complex of an electric doublet, 
the so-called homopolar ” linkage between the atoms is here akin to an 
heteropolar binding. Whether the atoms bear integral real charges or whether 
the doublet owes its being to some mutual polarisation of the atoms is not 
indicated. An important point to be noticed is the great depth of the chief 
absorption band at 11 *90 (x. At the minimum of transmission only 14 per cent, 
of the incident energy is able to penetrate a slice of rhombic sulphur 0-67 mm. 
thick. Comparison of this with the fundamental absorption frequency of 
calcite at 14 (x* shows that the extinction coefficient of sulphur is about 1 /lO 
that of calcite, which is a substance known to possess ions bearing large electrical 
charges (2 and 4 electrons). Sulphur atoms will be expected, therefore, to be¬ 
have as if carrying an electric charge, and considered in pairs two neighbouring 
atoms must together form an electric doublet. It is not possible to estimate the 
moment of this doublet directly from the absorption spectrum, but an attempt 
is made in the following portion of the paper to calculate the mean value of the 
effective charge associated with the sulphur atom. 

That the depth of an absorption band depends upon the damping of the 
oscillators concerned is shown by Victor Henri,f and an expression may bo 
deduced which connects the extinction coefficient with the various character¬ 
istics of the oscillator. Thermal expansion shows that the forces called into 
play by any distortion of the crystal lattice must be asymmetric, but the 
phenomenon of superposition of wave disturbances, and the fact that the 
refractive index is independent of the intensity, leads to the view that the 

* Reiukober, * Z. f. Phyidk/ vol. 5, p. 192 (1921). 
t Viotor Henri,' Photoohimie.’ 
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asymmetric term may be neglected for optical purposes. If a vibrating particle 
of mass m carry a charge c, the equation of motion is 


where 

and 


mx + ri + fht — 4ncDi = 0, 
Di = D — Ae*. 


( 1 ) 


the direction of propagation of the impressed wave being along the z axis. 
ri is the frictional force giving rise to the damping and A the number of particles 
per cubic centimetre. The frequency v of the impressed field due to the wave 
train is v — and the natural frequency of the particles is 

v„ = l[2icy/flm. 


The solution of this equation leads to the well-known expressions 

Ae^v 




and 


4ir*m2(v„*--v*)+rV 


^ 47rm® (vo* — v*)* f- 


( 2 ) 

(») 


where (j. is the refractive index of the medium for waves of frequency v and K an 
extinction coefficient such that the intensity of the wave is reduced in the ratio 
of to 1 in travelling a distance X/(x when X = c/v if c is the velocity of 
propagation in free space. If - Iq, where Ip is the intensity of the 

incident wave and I the intensity of the mergent wave after traversing a thickness 
z of the medium, 


or substituting in (2) 


a == 


dwAeVv® 


(4) 


fio ' 47t*m^{vrt* — V*)® rv®* 

From this it is seen that a is small except in the region ^ v, and it 
becomes a maximum at the point v = v© 

47rA8* 


^mn. 


(4) may be written 


(iOf 


(6) 


r/m 


4rAc> 


* ■“ 4«*A* + fV«* ‘ f«w» 
A = voh--). 

\ V Vfl/ 


2 B 


VOL. CXV. -A. 



600 


A. M. Taylor and E. K. Rideal. 


where A/vg is the “ mistuning ” suggested by Barton in his treatment of sharp¬ 
ness of resonance,* 
whence 

« _ Me 


whence 


(1 ’ 471* A‘ + f^/m" ’ 


ua 


471* A*' 


Now if |Mc = ^pgou „.. . for some particular value of A 

r(m ~ 27iA. (6) 

From equation (3) [Xg* -> 1 /I — K*, and as K is small in the infra-red spectrum 
(Xg = 1, and the condition for equation (6) to be true reduces to 

— = (7) 

«uuii. 2 (A 

It is to be noticed that as a rule more than one natural period is possible to 
the medium and equation (3) becomes 

. , a 47tw (Vg* - V*) Ae* 

47?m*7V 


(x*(l-K*) 


v*)*-frV’ 

and the term under the summation sign is not zero for any value of v. In this 
case (Aq is not necessarily unity, and for values v < v^, p > po, while for values 

of V> Vg. [i <|io- 

It is not possible to obtain experimental information as to the magnitude of 
the p, but an approximation to the truth will be made by putting p„ ^ p. 
This approximation causes an error in the value found for rim, because on one 
side of Vo the value of is greater than, and on the other side, less than, the 
true value. By taking the mean value for r/m as deduced from the magnitudes 
of A* on either side of the absorption maximum, the approximate result will 
not be seriously in error. Hence, if v be chosen for two positions at which 

—2L- = J and having regard to sign 

r/m = 7 u(Ai-A,). (8) 

The above treatment makes it possible to determine r from experimental 
measurements of transmission minima. The value of r so found may be inserted 
in equation (6) and the value of a „... may then be estimated if A and e can be 
assumed and if (x is put equal to unity—an approximation which is very nexix 
the truth for v = Vg, i.e., at a „.. 

* Barton.' Phil. Mag..’ vol. 26, p. Ill (1913). 
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Returning to equation (0), A may bo written as Npn/M, where M is the 
molecular weight, n the number of vibrating particles [Mir molecule, N is 
Avogadro’s number, and p is the density of the substance, so that 


^fJMX . 


Npw 4ite* 
M cr ■ 


( 9 ) 


This equation iR not complete because it neglects any variation of 
with temperature, and the work of Reinkober* showed that, in the case of 
reflection from ammonium salts, lowering the temperature from 2W>® to 9()® 
absolute increased the reflective power about fold, and since 


R=^ 


({X - 1)* + 

((X + 1)* + K*’ 


E, and therefore amax must vary in the same sense. Substitution of the appro¬ 
priate numerical values in equation (9) gives a result for amax. some 300 times 
greater than is found experimentally. It would therefore appear that only 
a small fraction of the particles which are theoretically capable of absorbing, 
do BO in practice, and that this fraction decreases with increasing temperature. 

Equation (9) may, however, be made to serve as a basis for estimation of the 
efiEective charge on the atom of sulphur, since if any two substances, say calcite 
and sulphur, be compared, 

a„«x. calcite = 

M| CTi 

and 

a,n.x. sulphur — 

M, cr, 

and on division and rearrangement 


e, = ex 


./ PithfaMa Onun. sulphur 
^ PjnjrjMi ’ «nuMi. calcite 


( 10 ) 


Vrom the figures kindly provided by Prof. Schaefer for the absorption of 
calcitet occurs at 13*93 |i and has a value of 280. « = am.x/2 occurs 
at 14*12 |A and 13*77 p, whence from expression (8), r/m = 3*66 xlO”, where 
m = 16 X 1 *64 X 10"*'' gm, is the mass of the oxygon atom, or 
r = 0*96 X 10"*® dynes per unit velocity. 

From fig. 2, considering the most important absorption maximum for rhombic 
sulphur, owut. occurs at 11*89 p and has a value of 29, and a = occurs 


• Bdnkober, ‘ Z. f. Phyrik,’ vol. S, p. 18 (1920). 
t Schaefer, ‘ Z. f. Physik,’ vol. 30, p. 048 (1926). 

2 8 2 
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at 11 -69 (X and 12*25 [X, whence r/m — 7-1 x lO**^ whore m — mass of sulphur 
atom which is equal to 32 x 1*04 x 10 '^* gni., or 

r -- 3‘73 X 19 dynes per cm./sec. 

It may here be noted that rjm is equal to 2 / t , where t is the time of molecular 
relaxation, which has been shown by Ilideal* to be of the order of the Linde- 
mann melting-point frequency. For sulphur, v Liiuh»mann -- 3*96 x 10 ^®, 
which agrees well with the value of 1/t - 3-6 X 10^® as found above. 

The density of calcite pj = 2-72 and of sulphur = 2*06, while the molecular 
weight Mj of calcite is 100 and Mg may be taken for sulphur to be 64, correspond¬ 
ing to two atoms. 

The vibrations of calcite in the infra-red have been analysed by Bresterf 
from symmetry conditions, and it appears that the vibration frequency, found 
by Schaefer at about 14 p., is due to oscillation of the oxygen atoms, which 
bear a charge of two electrons. The number of vibrating atoms per molecule 
of CaCO, is then three, but owing to the configuration of the crystal one half of 
this number will be effective for any directed wave, so that 3/2. may 
be taken to bo 2 , since all the sulphur atoms may be considered to be equally 
capable of response to an electromagnetic wave. Thus equation ( 10 ) gives 

*a == X 0-505. ( 11 ) 

Now Si is the effective charge on the oxygen atoms in calcite, and this is less 
than the true charge owing to the effect of polarisation of the atoms, and Eom- 
feld§ has shown that only by a consideration of the polarisation as well as 
of the actual charges, can this frequency of vibration be calculated. Bragg 
and Chapmanll find from a consideration of the rhombohedral angle of calcite 
that the electric centre of the oxygen atom is distant 0-95 A from the centre of 
the CO 3 group, whereas the X-ray internuclear distance between oxygen and 
carbon atoms is 1*26 A. The effective charge on the oxygen atoms would 
thus appear to be 0*96/1 *26 of the true charge, or 1 *52 e, where e is the charge 
on one electron. Substituting this value in (11) === 0*77 e, so that the 

effective charge on the sulphur atom is found to be 0-77 electron, or nearly 
that which would be produced by complete transference of an electron from one 
atom to its neighbour. 

This determination of the value of e' the effective charge associated with each 

* Bideal, * Phil. Mag,,' vol. 40, p. 461 (1920). 

t Brester,' Z. f. Phyaik,’ vol. 24, p. 324 (1924). 

X Schaefer, * Z. f. Phyaik,' vol. 39, p. 648 (1926). 

I Komfeld, * Z. f. Phyaik,* vol. 26, p. 206 (1924). 

II Bragg and Chapman, * Roy. Soc. Proo.,' A, vol. 106, p, 369 (1924). 
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sulpliur atom leads to the conclusion that sulphur behaves as if all the atoms 
were not precisely similar but that neighbo\iring atoms are so constituted as to 
appear to bear charges of opposite sign, and magnitude approximating to that 
of an electron. In other words, the outer electronic systems of each atom are 
so distorted that the linkage is approximating to that which exists when a single 
electron is completely transferred from one nucleus to the other, as is the case 
in heteropolar linking. The electric moment of the doublet composed of two 
atoms bearing charges + ef and — e' at their centres of mass, those centres 
being separated by a distance jp, is given byjo, wlierc p may also bo 

written as equal to ex', whore e is the actual charge displaced through a distance 
x\ In his Massachussetts lectures Born suggested that the difference in size 
of the atoms composing a crystal is an importiint factor in determining the 
order of symmetry of the lattice, great inequalities in size loading to low orders 
of symmetry. The order of symmetry of the rhombic system is not a maximum, 
and of the prismatic system it is still less ; so that this fact may also be con¬ 
sidered to point to a difference between the atoms csomposing the crystalline 
lattice of sulphur. From the foregoing remarks this difference is seen to be 
one of distortion of the electronic shells of each atom, resulting in ix'ighbouring 
atoms bearing effective <^liarges of oppositi* sign, [)airH of atoms fornung electrical 
doublets. 

To obtain some idea of the manner in which these doublets are distributed 
in the crystal lattice, it is first of interest to review shortly the state of know¬ 
ledge of the molecular weight of sulphur. The molecule has long been known 
to have a complicated structure, and it seems that in solution it may be 
large. When dissolved in phosphorus,’*' iodine.t and bromofonn.J the 
molecular weight is approximately 260, and Popoff § showed that in many 
solvents the molecular weight was large, indeterminate and increased with the 
concentration, being greater than Sg in strong solution. KellasH measured 
the surface tension of molten sulphur more accurately than previous observers, 
and came to the conclusion that the molecular weight of the pure liquid phase 
was probably Sg. It is to be noted, however, that he gives various other 
formulsB for deducing the molecular weight, and these lead to the values Sig* 
Si 4 , Si 2 , etc. Sulphur vapour is known to be almost entirely Sg at temperatures 

* Helff, ‘ Z. f. Phys. Chem.,’ voL 12, p. 196 (1893). 

, t Olivori, ‘ Atti. B. Acad. Lincei.* voL 17, p. 612 (1908). 

t Borgo and Ainadori, ‘ Atfci. R. Acad. Linoci,* voL 18, p. 138 (1903). 

S Popoff, ‘ J. Rum. Phys. Chem. Soc.,’ vol. 36, p. 042 (1003). 

11 KoUaB, ' Chom. Trans./ vol. 113, p. 003 (1918). 
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a little above the boiling point, but at lower temperatures the vapour becomes 
rapidly more dense, and Preuner and Schupp* suppose molecules Sa, Sa, 
84 , S 3 and S 3 to exist. Graham.t examining the absorption spectrum of 
sulphur vapour in the visible and ultra-violet regions, came to the conclusion 
that only two types of molecule occur, which he assumes to be S 3 and Sa. 

In the solid phase Braggll; found evidence for eight interpenetrating lat¬ 
tices, and Mark and Wignerf by careful X-ray analysis show that rhombic 
sulphur has an ortho-rhombic diamond-type lattice of which the points are 
occupied by the centres of gravity of groups of 16 sulphur atoms, the unit 
crystallographic cell containing 128 atoms of sulphur. Bragg shows that in 
iron pyrites FeSall the two sulphur atoms are very closely associated in pairs 
and the crystal is determined by the close-packed formation of these groups. 
He also points out that the distance apart of the sulphur nuclei is only 2-05 A, 
a distance at which the repulsive forces must become very large, and it 
appears that the atoms are held together by mutual distortion of the electronic 
shells. 

It appears that the most important groupings of sulphur atoms are Bg and 
Si«, with a possibility of Sg under certain conditions, and of these the S 3 is the 
most persistent configuration. It is tempting to suppose that the S 3 group is 
the one which is common to all phases of sulphur and even to FeSg, and because 
the experimental work in the infra-rod spectrum has shown that there is 
associated with pairs of sulphur atoms a considerable electric moment, it is 
clear that the aggregation of these groups into larger complexes would proceed 
upon normal lines dependent upon the electrostatic farces of attraction and 
repulsion between doublets. Such a structure would possess certain character¬ 
istics which enable calculations to be made of the thermal values of work of dis¬ 
ruption of the crystal, but before proceeding farther some comparison may bo 
made with other substances of more or less known structure. Taking the 
heats of sublimation and the compressibilities as the first criteria, it will be seen 
that as regards the former sulphur must be dassed with those substances which 
form strongly polar ionic lattices, whereas regards compressibility sulphur 
would appear to stand midway between those elements and compounds which 
are thought to possess molecular lattices and those having ionic lattices. 

* Pteaner and Schupp,' Z. f. Phys. Cbem.,* vd. 68, p. 120 (1909). 

t Graham, ‘ Roy. Sob. Froc,,’ A, vbl. 84, p. 311 (1910). 

t Bragg, ‘ Roy. Soo. Pioo.,* A, voL 80, p. 575 (1014). 

I Mark and Wignm, * Z. f. Phya. Chem.,' vd. Ill, p. 808 (1024). 

II Bragg, * Proo. Rpy. Inrt..’ voL 24, p. 614 (1925). 



Electric Monvent of Sulphur Complex, 


605 


SubRtanec. 

Heat of sublimation in 
cals, per gm. molecule. 

ComprossibzlitioB 

X 10« 

Hydrofoil halidos 

3,COO-> 4,000 

>30 

Halof^ortN 

4,800~*- 0,000 

13 

Sulphur S, , 

30,000 

13 

Alkali halidofl 

40,000-^ 56,000 

3-vH 


The heat of dissociation of sulphur is comparatively large, pointing to strong 
attractive forces between the atoms. That sulphur atoms may acquire effec¬ 
tively opposite polarity is also indicated by the great readiness with which, in 
the thionates and polysulpbides, they may be linked into chains. 

Returning to the suggestion that sulphur atoms should link in pairs to form 
units Hg having an electric moment p, these units being built up into groups 
(S 2 )h hy virtue of the forces of attraction and repulsion between the doublets, it 
may be noU'd that a striicture similar to this was suggested by Born and 
Kornfeld* for solid HCl, and they supposed the molecules of hydrochloric 
acid to be electrical dipoles and to be situated at the corners of a cube, pointing 
alternately towards and away from the centre. The Sg unit has already been 
shown to be associated with an electrical moimmt, and it may be supposed to 
occupy a similar position in a rectangular group of 16 atoms, a suitable ortho¬ 
rhombic repetition of this group giving rise to the observed X-ray stnicture of 
sulphur, the centres of gravity of the groups ( 82)8 forming a diamond type 
lattice. If the Sg dipole bo represented by an arrow >, the group is thus con¬ 
ceived on the basis of this hypothesis: 
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and it is possible to calculate the heat of vaporisation of sulphur by means of 
Kotnfeld’s formula involving the electric moment p. To do this it is neces¬ 
sary to make an approximation, replacing the actual ortho-rhombic lattice of 
sulphur by an equivalent cubic lattice of spacing equal to the average spacing 
of the actual structure. This approximation should give at least the right 
order of magnitude for the heat of sublimation. 

Kornfeld’s formula for the energy of such a “ molecular lattice ” is, iissuining 
a repulsive force of potential p 8 "" between the groups, where S is the period of 
repetition of the unit cell of side 8/2 




-21-41 

S» 


p® + 


8 "' 


where tf> is the lattice energy per molecule; from the etpiilihriuin condition 
d<l>/d8 -== 0 , p may be eliminated, giving 


4 = 


- 21-41 
8 * 


- !)■ 


therefore Q, the heat of sublimation per gram molecule, is 

Q = ^ calories 

J 


and for a cell containing 10 atoms of sulphur 





where M is the molecular weight of 82 * p the density and N is Avogadro’s number, 
whence 




According to Lennard-Jones* n for sulphur is equal to 8 . 

Q may be taken as 30,000 oals. per gm. molecule (S,), J as 4 -2 x 10 ^ ergs per 
calorie, so that, giving the other constants the value used earlier in this paper, 

p = 8-0 X 10"“ e.8.u. 

Making the assumption that the separation of the nuoh-i in the group is equal 
to that found by Bragg for the same group in iron pyrites then if p = e'x 
where e' is the effective charge on the sulphur atoms, 

c' =s 0-82 electrouio charge. 

This result agrees remarkably well with the value deduced from the experi¬ 
ments in the infra-red spectrum. 

• Lomuud-Joiuw, ‘ Boy. Soo. Proc.,’ A. vol. 112, p. 230 (1920). 
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A further attempt to estimate p may be made from the experimental value 
for the heat of dissociation of sulphur. On the foregoing hypothesis, being 
of the type of a polar group having an electric moment, the dissociation may be 
considered to proceed in steps 

S 2 ’►S ’ + S“ — Qg calorics. 

S* '►S + c — Q 3 calorics, 

S'** -f <5 ->8 + Q 4 calorics, 

or if the total reaction 

Sj ->28 — Qi calories, 
then Qi — Q 2 + Q 3 — Qi calories. 

The value of (^4 is known to bo that corresponding to mx ionisation }>oicntiHl 
of ]0-:i5 volts or Q 4 = 248,000 cals, per gram atom. Qgis not known, but 
Born’s cycle applied to zinc sulphide givtis a value for Qc» wh(;rc 

8 '" S + 2c — Qfi calories. 

According to Botu and Bormann^^Qs corresponds to 2 volts, but Born 
and Gerlachf criticise this and point out that it should be much lower, while 
Franck and Jordan^; give a different value for the spectroscopic data, and the 
derived value of Qr, must accordingly be of the ordc^r of 0 • 2 volt or 5,0U() caloritss 
per gram atom. Q 5 may be considered to be split into parts Qr, - Q 3 + Qa, 
where 

8 -► 8“ + « Qe calories 

and 

8 “ - ► S + e - Qj calories. 

Since the 8 ion is stable in crystalline zinc sulphide, all the thermal values 
must be positive and small in the last two reactions, since their sum is small. 
As also Qs must be greater than Qe, Qe may be ncglet ted in comparison with 
which is large, and Q 3 Q& and 

Qa^Qi + Qi-Qs. 

The most accurate value for has been considered by Rideal and Norrish§ 
to be 103,000 calories per gram molecule, and taking this value 

Qj ^ 346,000 calories. 

The mechanism of dissociation is not known, and the calculation of the energy 
should involve the repulsive forces and the mutual polarisation of the atoms. 

♦ Bom and Bormannt * Z. f. Phys.,* vol. 1, p. 260 (1020). 

t Bom and Gerlaoh, ‘ Z. f. Phys./ vol. 6, p. 438 (1921). 

} Franok and Jordan, Structure der Materie,'’ p. 281. 

§ Rideal and Norrish, ‘ Trans. Chom. Soo.,’ vol. 126, p. 2070 (1023). 
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But to a first approximation the energy may be considered as that work which 

would be done in dragging apart the components of an electric doublet p. If 

p = ex', where e is the displaced charge and x' the distance between the centres 

of gravity of the electric charges distributed on each atom, then the work done 

e* e* Ns? 

in disruption of the doublet is - — — ergs or per gram molecule calories 

X p op 

— Q. The previous estimates have shown p to be such that if p e'x ~ ex', 
e' is less than one electron. Therefore, the actual charge displaced may bo 
assumed to be that due to the transfer of a single electron from one atom to 
another, so that, using the values of N and J employed earlier, 

p — 4*5 X 10"“ O.8.U., 

or, us before, taking x to be 2*05 A 

e' 0*46 electronic charge. 

Cousideruig the nature of the simplifications made in this calculation,'the result 
compares very favourably with previous estimates. 


Condution. 

The results of the infra-red examination of various forms of sulphur has shown 
the existence of olcctromagnetically active vibrations, and it is inferred that 
electric doublets are present in the sulphur complex. The doublets are believed 
to bo units 82 , and these are built into groups ( 82 ) 8 , corresponding to the groups 
of mass 512, the centres of gravity of which have been shown by Mark and 
Wigner to occupy the points of the diamond-type space lattice of rhombic sul¬ 
phur. The frequencies ascribed to 82 persist throughout the rhombic, pris¬ 
matic, and liquid phases. Calculation of the electric moment of the 82 group 
from the heat of vaporisation and the heat of dissociation of sulphur gives 
results agreeing well with the estimates made from considerations of the infra¬ 
red absorption spectrum. The linkage between atoms in the element sulphur 
is thus believed to be pseudo-heteropolar. In this oonneotion it may be 
remarked that an examination of the — 8 — 8 — linkage in the thiosulphates 
would be of interest. The following table gives the results obtained for the 
electric moment p associated with the unit 82 and also for e', the effective charge 
on the atoms; p = e'x, where x is the distance apart of the centres of mass 
of the atoms, and has been taken to be 2*05 A. 
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Method. 

Data. 

p in c.H.u. 

X lo-«. 

c' in fractions 
of 4-774 X 19-" 
e.s.u. 

Formula for exUnction 

coefficient 

Abi9f>rptioii Mjicctra j 

7-5 

0-77 

Komfeld'a formula 

Hoat of vapunnatiou 1 

8 0 

0-82 

Approximate heat of 

diaaoeiatiiiit 

Heat of di8BOciation \ 

1 

4 5 

0-46 
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Ihe Total Ionisation due to the Absorption in Air of Slow 

Cathode Rays, 

By J. F. Lkhmann, M.Sc., sometime 1861 Exhibition Scholar from the University 
of Alberta, and T. TI. Osgooi>, M.Sc., sometime Carnegie Scholar from the 
University of St. Andrews. 

(Communicated by Sir Ernest Rutherford, P.R.8.—Received May 26, 1927.) 

The object of the experiments here described is to measure the average 
ionisation produced by the absorption in air of an electron with definite initial 
energy. From this the average expenditure of energy associated with the 
formation of a pair of ions can bo estimated. The initial energies considered 
ranged between 200 and 1000 electron-volts. 

Experiments on ionisation by electronic impact have generally been con¬ 
cerned, either with a determination of the ionisation potential of the gas, or with 
the ionisation per imit path due to an electron having a definite energy. The 
ionisation potential has been measured by determining the minimum energy a 
stream of electrons must have in order to ionise, even occasionally, a normal 
atom. It represents the energy expended by the ionising electron if no kinetic 
energy be transferred to cither of the ions formed. If at the impact an atomic 
electron were ejected with appreciable kinetic energy^ the energy expended by 
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tlio ionising electron would be correspondingly increased above the ionisation 
potential. Also electrons may dissipate their energy by processes other than 
ionisation, notably by excitation and by dissociation of diatomic molecules. For 
these reasons the average expenditure of electronic energy per pair of ions should 
exceed the ionisation potential. The excess of this average energy would 
indicate the extent to which processes other than ionisation contribute to the 
dissipation of the initial kinetic energy of the electrons. The purpose of the 
present experiments is to obtain further information on this phase of the 
ionisation problem. 

Some attempts have been made to estimate the total ionisation and the 
average energy cxpcnrled per ion pair from the data available concerning the 
ionisation per unit path and the range of the electrons. If i represents the 
ionisation per unit path due to an electron which has travelled a distance x 
cms., from an origin at which it had a kinetic energy equivalent to V volts, 
R the range of the electron, then I,., the total ionisation due to the complete 
absorption of this electron is given by 

i n 

idx. 

This integral has been considered by Lenard* and by Kulonkampff.t Their 
values for L are very discordant and neither is in agreement with the expert 
mental values we have found. As Kulenkampff points out, the discrepancies 
are associated with the determination of the ionisation per unit path as a 
function of the distance the electron has travelled. It is usual to express the 
ionisation per unit path,| found experimentally, as a function of the energy of 
the electron. It remains to correlate the energy of the electron with the dis¬ 
tance it has travelled. On this point there is little information available, for 
the range of electron energies under consideration, and an experimental deter¬ 
mination of the total ionisation would appear to have many advantages. 

Experimental method. 

The method used in the present experiments is illustrated in fig. 1. Electrons 
were ejected from the hot tungsten filament F, charged to a definite negative 
potential with the respect to the face of the ionisation chamber B. A small 
fraction of the electrons passed through the capillary 0 into the ionisation 

* Lsnard, * Quantitative ttber Kathodenatrahlen,* p. 143, et wq, 
t Kulenkampff, < Ann. d, Phymk,* vol. 79, p. 97 (1926). 

% The experimental data concerning ionisation per unit path is critically examined by 
K. T. Compton and Van Voorhis, * Phys. Rev.,’ vol. 27, p. 274 (1926). 
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chamber. The.He electrona could either bo collected in the Faraday cylinder D 
or, when this cylinder was removed, allowed to enter the body of the ionisation 
chamber and ionise the gas therein. The ions were collected on one of the 



Fio. 1. 


brass plates 1, 2, or 3 (fig. I). The ionisation current divided by the incoming 
electron current, as measured by the Faraday cylinder, gave the average 
ionisation per electron. 

Apparatiin. 

Fig. 2 is a sketch of a vertical section through the filament and ionisation 
chambers. A horizontal section is indicated in fig. 1, which shows the distri¬ 
bution of the electrodes used to collect the ionisation currents. A more detailed 
sketch of the filament chamber and of the Faraday cylinder, together with a 
diagram of the electrical connections is shown in fig. 3. 

The filament F (fig. 2) was a tungsten wire 4 cms. long and 0-008 cm. in dia¬ 
meter, wound into a helix. It was heated by a current of from 0-8 to 1-2 
amperes. Electrons were accelerated by a potential difference applied between 
the filament and the anode A. The electron current entering the ionisation 
chamber was measured by the rate of charge of a quadrant electrometer con¬ 
nected to the Faraday cylinder D. The Faraday cylinder was then raised by 
mAa.na of the windlass W and suitable guides insulated from the walls of the 
chamber by ebonite supports. The positive ions produced by the absorption 
of the electrons were collected on one of the electrodes 1,2 or 3 (fig. 1) by applying 
a suitabl e potential difference between this electrode and the remaining deettodes 
and the walls of the chamber. Occarionally the negative ions were measured 
by reversing the collecting potential difference, but these measurements required 
to bo corrected in order to allow for the charge carried by the ionising electrons. 
Provided that the electron beam was completely absorbed by the gas in the 
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chamber, the difference between the negative and positive ionisation currents 
was found to be equal to the incoming electron current within the limits of 
experimental error. 

The quadrant electrometer used to measure the electron and ionisation 
currents was connected in parallel with a condenser of variable capacity. The 
rate of charge of the condenser-electrometer system was measured in the usual 
way. Currents ranging from 10~^* to 10~‘ amperes could be measured with 
an accuracy of about 1 per cent, by adjusting the capacity of the condenser. 
Qenerally it was convenient to work with currents of the order of 10~* amperes 
and the filament heating current was adjusted accordingly. 

Qaa leaking through the capillary C was removed from the filament chamber 
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by high speed difEusioa pumps and the pressure in the ionisation chamber was 
maintained by a capillary leak from a gas pipette. The highest pressure main> 
tained in the ionisation chamber was about 2 mm. Hg, and under these con¬ 
ditions the pressure in the filament chamber was about 0-001 mm. Hg. 

To obtain trustworthy results the following conditions had to be fulfilled;— 

(1) The incoming electron beam must be homogeneous, i.e., on entering the 
ionisation chamber each electron had the full energy corresponding to 
the potential difference through which it had been accelerated in the 
filament chamber. 

(2) The Faraday cylinder must be designed to prevent the escape of any 
electrons, either primary incoming electrons or secondary electrons 
ejected by impact of the primaries on the wall of the cylinder. 

(3) The potential difference used to collect the ions during the measure¬ 
ments of the ionisation currents must be sufficient to prevent any 
recombination and yet insufficient to cause ionisation by collision. 
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(4) In addition the possibility that radiation excited in the ionisation chamber 
might eject photo-elcctronsfrom the surface of the electrode used to collect 
the ionisation currents had to be carefully tested. 

1 . The attainment of Homogeneous Electron Beams.—It was discovered early 
in the coiu*8e of this investigation that, in general, electrons which have passed 
through an aperture in an anode are by no means homogeneous,* the degree 
of homogeneity depending to a great extent on the dimensions of the aperture. 
The measurements relating to circular holes in copper sheets have been verified 
by Compton and Van Voorhisf and by Breit and Whiddington.J: Those 
relating to copper capillaries have been questioned by Tjawrence.§ 

Lawrence repeated our experiments using Faraday cylinders of variable 
depth to collect his electrons. He found that the apparent homogeneity of 
the beam improved as the depth of the cylinder increased. This effect was due 
to the escape of electrons from the cylinder under the influence of the retarding 
potentials used to analyse the incoming electron stream. The escape of electrons 
decreased with increasing depth of cylinder. The apparent homogeneity found 
by Lawrence became about constant and independent of thctdimensions of 
the cylinder for deep cylinders. This constant value showed a homogeneity 
slightly better than the value we published. It is probable that our results 
may be subject to a correction of the order of 6 per cent. Even with his longest 
cylinders Lawrence found a marked inhomogeueity, and it seems reasonable 
to suppose that this is real and not associated with the escape of olectrons'^rom 
the Faraday cylinder. 

Since the publication of these results considerable progress has been made in 
the attainment of a homogeneous electron stream. The homogeneity of the 
beams was measured by evacuating the ionisation chamber and applying 
retarding potentials between the Faraday cylinder D and the capillary C (figs. 
1 and 2). The results are shown in fig. 4 where the cunent measured by the 
Faraday cylinder is plotted against the applied retarding potential. It is at 
once evident that a high degree of homogeneity has been attained. The assump¬ 
tion of perfect homogeneity cannot introduce an error of more than about 1 
per cent. 

This homogeneity was obtained by moans of the arrangement indicated in 
fig. 3, Previous experiments had shown that the lack of homogeneity was 

* Lehmann and Osgood, ‘ Proo. Camb. Phil. Soo.,* vol, 22, p. 731 (1025). 
t Compton and Van Voarhis, loc, cif. 
t Bieit and Whiddington, * Proo. Leeds Phil. Soc*’ (1020). 

I Lan*rence, ‘ Bull. Amer. Aoad. Soi.’ (Deo., 1025), 
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probably due to the presence of secondary electrons ejected from the anode by 
impact of the primary electrons. To minimise the emission of secondaries the 



+400 0 -400 ’ -800 -1200 volts 

Potential of Faraday Cylinder with respect to Anode 


Fro. 4.—llomogencity of Electron Beams. 

electrons were focussed to pass through the capillaiy exactly parallel to its 
axis,* thus reducing to a minimum impacts with the walls of the capillary. It 
was also found advisable to use as capillary a graphite rod with a hole 0-05 cm. 
in diameter drilled down its axis. An aluminium capillary gave considerably 
more homogeneous beams than did a copper one aud graphite was slighter 
better than aluminium. 

The electrons were focussed by means of a cylindrical shield Q (fig. 3) kept 
at the potential of the filament which it surrounded. This shield was mounted 
coaxially with the anode capillary and a slight xnabadjustment resulted in an 
inhomogeneous beam. To assure that the shield maintained its proper position 
it was mounted on a marble collar M. The stem of the anode A, in which was 
mounted the graphite capillary C, passed through a hole in the centre of this 
collar and screwed into the face of the ionisation chamber. With this arrange¬ 
ment the anode and shield could be removed and replaced in exactly the same 
position. 

It was also essential that the filament should be centred opposite the entrance 
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to the capillary C. To facilitate its removal anil replacement, the hlament 
Mas mounted on u ground glass joint. During the glass-blowing care was taken 
to mount the filament as nearly as possible on the axis of the shield G. The 
final adjustment was made by rotating the ground joint until the electron current 
entering the ionisation chamber was a maximum. 

The effectiveness of the focussing arrangement could be judged by observing 
a black spot on the anode which was easily visible after a run of about half-an- 
hour and increased in intensity with time. This black spot was no doubt due 
to negatively charged particles of tungsten sputtered from the filament. The 
radius of the spot was of the order of two or three millimetres. It seems 
reasonable to suppose that the electrons would be more sharply focussed than 
the tungsten particles, and therefore strike the anode at the centre of the black 
spot. Homogeneous electron beams were obtained only when the centre of the 
spot coincided with the entrance to the capillary. If the centre of the spot 
were displaced by as much as 2 mm. no electrons passed through the capillary. 

Another factor which affected the homogeneity of the electrons entering the 
ionisation chamber was the distance between the filament and the face of the 
anoile. For a given distance between these electrodes there was a certain ra]^;e 
of accelerating potentials within which homogeneous beams were obtained. 
To work with accelerating potentials below this range it was necessary to move 
the filament closer to the anode; for higher accelerating potentials it was 
advisable to increase the distance between filament and anode. With the 
filament 0*5 cm. from the anode homogeneous beams were obtained when 
accelerating potentials ranging between 200 and 350 volts were used. At 
1 *0 cm. the range of accelerating potentials was from 300 to 600 volts, and at 
1*5 cm., from 400 to 1,000 volts. These results may be explained by assuming 
that homogeneous electron beams were obtained when there was a uniform 
potential gradient in the neighbourhood of the entrance to the anode capillary. 
This potential gradient would be determined by the accelerating potential 
difference, the distance between filament and anode, and the space charge. 
The results suggest that, for a given distance between filament and anode, there 
was a definite range of accelerating potentials within which an adequately 
uniform potential gradient was obtained. 

When the filament was close to the anode the homogeneity of the electron 
beam was very sensitive to slight changes in the position of the filament. At a 
distance of 0*5 cm., a 2 degree rotation of the ground joint supporting the 
filament produced a marked decrease in the homogeneity of the beam entering 
the ionisation chamber. A 5 degree rotation reduced the electron current enter- 
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ing the ionisation chamber to about 5 per cent, of its maximum value. This 
effect was still more pronounced when the filament was 0 • 2 cm. from the anode. 
At tills distance the homogeneity was always poor and was subject to wide 
fluctuations. The shortest distance between filament and anode at which it 
was possible to carry through a prolongetl series of ionisation measurements 
was 0*6 cm. The lowest potential which could be used at this distance was 
about 200 volts. 

It is evident that the earth's magnetic field must affect the passage of the 
electrons through the anode capillary. In the vertical (somponent a 300-volt 
electron would have a radius of curvature of about 1 metre. This would be 
ample to deflect many of the electrons against the walls of the anode capillary. 
To neutralise the earth's field the apparatus was surrounded by a pair of 
Helmholtz coils 65 cm. in diameter mounted with their axis parallel to the total 
force as determined by a dip needle. Before the apparatus was assembled 
the current through these coils was adjusted so make the period of a small 
oscillation magnetometer placed at their centre a maximum. This current was 
passed through the coils whenever ionisation measurements were taken. The 
apparatus was assembled with the anode capillary at the centre of the Helm¬ 
holtz coils. 

The homogeneity of the electron beams entering the ionisation chamber was 
always measured with the apparatus evacuated, to a pressure less than 0*0001 
mm. Hg. During ionisation measurements the pressure in the ionisation chamber 
was at times as high as 2 mm. Hg. The question arises as to whether this 
change in conditions affected the homogeneity of the electron beams. 

In Table I it will be observed that, with a constant filament heating current, 
the electron current entering the filament chamber decreased as the pressure 
n that chamber increased. This effect might be due to one of two causes. 
Either, during their passage through the anode capillary a considerable fraction 
of the electrons experienced collisions with gas molecules and were deflected 
out of the beam, or the emissivity of the filament decreased due to the increasing 
pressure in the filament chamber, which must accompany an increase in 
pressure in the ionisation chamber. Such a decrease in emissivity might be due 
to chemical changes at the surface of the hot tungsten, or to a slight decrease 
in the temperature of the filament as the conductivity of the surrounding gas 
increased with increasing pressure. 

The pressure measured by the McLeod gauge T of fig. 2 ranged up to 0 • 001 mm. 
Hg as the pressure in the ionisation chamber ranged up to 2 mm. Hg. 


2 T 2 
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Table I.—Ionisation by 410 volt olectrons. 


Electron curient. 

Pusitivo ion 
current. 

Positive ions 
l)cr electron. 

Press ure. 

1 *04 X 10-» amps. 

1 *7x10^ amp 0 . 




2*0 

2*1 

0'02 mm. Hg 


2*1 


1 TiH 

2*9 



1-89 

2*7 

4*8 

0-055 


2*8 



1*35 

1*37 

2*H 

2G 

7*5 1 

0-10 

1*24 

1*26 

22 

2*2 

8*8* 

0-14 

1*21 

1*20 

2*0 

1*8 

9*3* 

0-16 

117 

1*J8 

1*6 

1*4 

8*6* 

0-10 

1-14 

1*14 

1.1 

1*3 

9*3* 

0-22 

1*15 

1*13 

1*3 

1*2 

80* 

0*23 


No. of poaitivo ions per oleotron for complete abaorption. (Mean of *) = 0*0. 


To determine whether the decrease in the hlament current was due to a 
pressure gradient in the anode capillary or to the increase in pressure in the 
filament chamber, a subsidiary run was made with the by-pass joining the 
ionisation and filament chamliers open. The pressure in both chambers was 
raised from the limits of measurements of the McLeod gauges up to 0-005 mm. 
Hg. A similar decrease in electron current entering the ionisation chamber was 
observed as had previously been observed with the by-pass closed and the 
pressures as quoted in the Table L We conclude that the decrease in electron 
current was due to a decrease in filament emission rather than to impacts of 
electrons with gas molecules. It seems improbable that such a decrease in 
emission affected the homogeneity of the electron beam. The emission was 
varied, in vacuOy by changing the filament heating current and no change was 
noted in the homogeneity of the electron beams. 

Further evidence that the homogeneity of the electron beam is unaffected by 
the pressure in the ionisation chamber may be deduced from the experimental 
results shown in fig, 5. The curves show that, provided the pressure is adequate 
to absorb the electron stream, the average ionisation per electron is independent 
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of the pressure in the ionisation chamber. Were the energy of the electron 
beam to decrease with increasing pressure we should expect a corresponding 
decrease in the average ionisation per electron. No such effect was observed* 



2. The Faraday Cylbvder,- -The Faraday clyinder D, of lig, 3, was designed 
to prevent the escape of any electrons, either primaries entering it and reflected 
from its walls, or secondaries ejected by the impact of the primaries. The 
entrance to this cylinder was a small aluminium cylinder 6 mm. in diameter 
and 6 mm. long with two holes 4 mm. in diameter at e^icli end. The electrons 
passed through these two holes into the body of the Faraday cylinder. The 
purpose of this entrance was to shield the interior of the Faraday cylinder 
from astray field when retarding potentials were applied to analyse the electron 
beams. The presence of such stray field would greatly facilitate escape of the 
electrons as it would tend to draw them to the anode. The opening into the 
Faraday cylinder subtended at the opposite wall a solid angle of 0*0.5 radians 
so that the chance escape of electrons must have been small. That the arrange¬ 
ment was effective is shown by the curves of fig* 4 which show no indication of 
any escape of electrons. 

When in position to collect the incoming electrons the centre of the Faraday 
cylinder entrance was placed 1 mm. from the end of the anode capillary. To 
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escape entering the cylinder an electron would have to be deflected through 
an angle of at least 60 degrees in this short distance. It seems highly probable 
that the measurements of the incoming electron current cannot be in error by 
more than 1 per cent. 

3. TAc Potential Difference used to Collect the Ions .—Subsidiary experiments 
were made to determine the potential difference between the collecting electrode 
and the walls of the ionisation chamber, which was just adequate to produce 
saturated ionisation currents. Using electron beams of various initial energies 
ab8or>)ed in several different gases, this potential difference was found to be 
about 10 volts. Between 10 and 80 volts the ionisation current remained con¬ 
stant. In all the measurements quoted in this and the following paper the 
potential difference used to collect the ions was 20 volts. 

4. Plioto-dectron emission from the collecting electrode, -In addition to ionising 
the gas in the ionisation chamber the electron stream must “ excite ” some of 
the gas atoms. These when regaining their normal state would emit radiation, 
and it was thought that some of this radiation might penetrate to the electrode 
used in measuring the ionisation current and eject photo-electrons from its 
surface. To test the point the ionisation current was measured, first with only 
one of the electrodes, 1, 2, or 3 (fig. 1), connected to the electrometer, the 
remainder being connected to the walls of the chamber ; then with two of the 
electrodes connected to the electrometer; and finally with all three electrodes 
so connected. In this way the area used to collect the ions was varied from 
160 sq. cm. to 400 sq. cm. Were there an appreciable emission of photo¬ 
electrons the positive ion current would appear to increase with increasing area 
of electrode. No such effect was observed, and it was concluded that the 
ejection of photo-clectrons did not affect the measurements of the ionisation 
current by as much as 1 per cent. 

Experimental Procedure, 

Before any ionisation measurements were made the homogeneity of the 
electron beam to be used was tested in vacuo. If the homogeneity was satis¬ 
factory the by-pass, V (fig. 2), was closed and gas was introduced into the ionisa¬ 
tion chamber from the gas pipette, B. The pressure in that pipette was adjusted 
to give the required equilibrium pressure in the ionisation chamber. 

When the equilibrium pressure was established in the ionisation chamber, 
the electron stream entering the chamber was measured by collecting it in the 
Faraday cylinder. The cylinder was then raised and the positive ionisation 
current was measured. Generally two measurements of the ionisation current 
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were taken before the Faraday cylinder was lowered to check the electron 
current. By taking alternate readings of the ionisation and electron currents 
errors due to a fluctuating filament emission were minimised. The ratio of 
the ionisation current to the electron current gave the average number of 
positive ions produced by each electron. 

Remits. 

The experimental results are given in figs. 5, fi and 7. Fig. 5 shows the average 
ionisation per electron, as a function of the pressure in the ionisation chamber, 
for the different initial energies of the electron beams. Fig. 6 shows the 
ionisation per electron, for complete absorption of the electrons, as a function 



of the initial energy. A typical set of measurements is tabulated in Table I; 
the mean of readings ” gives the average number of positive ions per electron 
for complete absorption of the electrons. The tabulated results are shown in 
tho ilO-volt curve, fig. 6. 

From fig. 6 it is evident that, with an electron beam of given initial energy, 
the ionisation per electron is proportional to the pressure at low pressures. 
For pressures greater than a certain “ critical pressure” the ionisation per 
electron is constant and independent of pressure. The critical pressure is 
just adequate to absorb tho electrons before they reach the walls of the ioniaation 
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chamber. Assuming that the electrons are subject to but di^t lateral 
diffusion, their range at the critical pressure must be the length of the ionisa- 



Fio. 7.—^Range of Electrons in Air (pressure = 1 mm. Hg.). 

tion chamber, viz., 15 cm. From these data the range at any standard pressure 
may be estimated by assuming that the range is inversely proportional to the 
pressure. In fig. 7 the estimated range for a pressure of 1 mm. Ug is plotted 
against the initial energy of the electrons. 

DMcasrion. 

We may estimato the average energy expended in the formation of a pur of 
ions by dividing the number of positive ions per electron, for complete absorp¬ 
tion, into the initial ene^y of the electrons. From fig. 6 it is evident that in 
air this average expenditure of energy per ion pair is 45 electron-volts. 

Fig. 6 shows that the ionisation per electron I may be expressed as— 

I = 0 0226 (V - 17) 

where V is the initial energy of the election in volts and 17 is the ionisation 
potentul of ail. 

Using a different experimental method Johnson* measured the total ionisa¬ 
tion per electron for initial electron energies below 200 volts. He found 

I = 0 0276(V-11). 

* Jfdmsoo, * Phys. Rev.,’ vtri. 10, p. 000 (1917). 
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The agreement is probably as good as could be expected in view of the fact 
that Johnson did not have the facilities of modern high-speed diffusion pumps, 
so that the pressure in his filament chamber had to be the same as that in his 
ionisation chamber. 

The present results do not agree with those of Miss G. A. Anslow,* who used 
a method similar to the present one and covered the same range of electron 
energies. Miss Anslow did not find a linear relationship between I and V. 
For slow electrons, with initial energies below 600 volts, her values of the 
ionisation per electron arc about half those we find. Between 500 and 1,000 
volts her values for I rapidly increase and at 1,000 volts they are about twice as 
large as the values we find, viz., at 1,000 volts I (Miss Anslow) = 43 ions per 
electron, and I (Lehmann and Osgood) -- 22 ions per electron. At 800 volts 
Miss Anslow found 24-1 ions per electron, at 952 volts 36*7 ions per electron. 
Thus an energy expenditure of 62 electron-volts produced 12*6 ions, represent¬ 
ing an average expenditure of 5 electron-volts lyet ion pair. This is difficult to 
reconcile with the fact that the ionisation potential of air is 17 volts. Miss 
Anslow did not state the homogeneity of her electron beams, and it is possible 
that some of the discrepancies may be associated with the use of inhomogeneous 
beams. 

These experiments have been continued and ionisation measurements have 
been made in several other gases. Further discussion of the measurements 
in air is postponed to a later paper wherein they may be correlated with the 
corresponding measurements in other gases. 

Summary. 

Homogeneous beams of slow cathode rays were introduced into an ioniKation 
chamber. The kinetic energy of the electrons was absorbed by the air in the 
chamber and the resulting ionisation was measured. The ratio of ionisation 
current to electron current gave the average number of ions produced by the 
absorption of each electron. The electrons could be given any desired initial 
energy within the range 200 to 1,000 electron-volts. 

The average ionisation per electron, for complete absorption, was found to 
be proportional to the initial energy of the electrons. 

The averi^e energy expended in the formation of a pair of ions was found to 
be 46 electron-volts in air. 

The range of the electron beams was measured. 


• Miss G. A. Anslow, * Phys. Rev.,’ vol. 26, p. 484 (1025). 
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The Ahswption of Slow Cathode Bays in Variom Gases. 

ByJ. F. Lkiimann, M.Sc., sometime 1851 Exhibition Scholar from the. 
University of Alberta. 

(Communicated by Sir Erneat Rutherford, P.R.S.—Received May 25, 1927.) 

Recently a method has been developed whereby the total ionisation due to 
the absorption of slow cathode rays may be directly measured. The applica¬ 
tion of this method to measurements of the total ionisation in air was the 
subject of a previous paper. The present paper concerns its application to 
helium, argon, hydrogen, nitrogen, and carbon dioxide. 

A beam of electrons, all having the same initial energy, was introduced into 
an ionisation chamber containing gas at a given pressure. The incoming 
electron current and the ionisation current due to the passage of the electrons 

through the chamber were measured. The ratio ciurrent 

electron current 

the average ionisation per electron. 

A detailed description of apparatus and procedure has been given previously.* 

There follows a statement of the purity of gases used in the ionisation measure¬ 
ments. 

Ilelkm .—The supply of helium available consisted of a mixture 80 per cent, 
helium and 20 per cent, nitrogen stored at atmospheric pressure over water. 
It was purified by passing slowly through charcoal immersed in liquid air into 
the gas pipette supplying the ionisation chamber. On its passage to the 
ionisation chamber the gas was again passed through charcoal immersed in 
liquid air. The spectrum excited in a Geisler tube attached to the ionisation 
chamber was examined in a Hilgcr constant deviation spectrometer; only slight 
traces of hydrogen and mercury vapour were detected. 

Hydrogen ,—Commercial hydrogen was stored over charcoal immersed in 
liquid air and the unabsorbed residue was used in the ionisation measurements. 
Spectroscopic examination showed but slight traces of mercury vapour. 

* Lehmann and Osgood, p. 009. 
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Argon .—Two samples of argon were used. 

Sample 1 was purified from commercial argon, a mixture 8() per cent, argon 
-and 20 per cent, nitrogen. The mixture was circulated in an iron furnace, 
containing a charge of calcium and magnesium at 900® C., until a spectroscopic 
examination showed no band spectrum. The gas was then pumped over hot 
oopper oxide and through drying tubes into the gas pipette supplying the 
ionisation chamber. Spectroscopic examination of the gas in the ionisation 
chamber showed but slight traces of hydrogen and mercury vapour. 

Sample 2 was taken from a cylinder of argon supplied by tlie British Oxygen 
Company and stated to contain from | to 1 pf»r cent, nitrogen. 

The ionisation measurements of the two samples agreed to w'itbin the limits 
of experimental error. 

Nitrogen .—Commercial nitrogen was used without any further ])urification. 

Carbon JMoridc.—Commercial carbon dioxide was used. The liquid air on 
the traps leading to the ionisation chamber and to the diffusion pumps was 
replaced by solid carbon dioxide moistened with ether. 


Results. 

The results are shown in hgs. 1 to 4, where the average number of ions per 
electron, for given initial electron energies, is plotted against the pressure in 
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the ionisation chamber. A typical set of measurements is given in Table I p 
these are plotted in the 610-volt curve of fig. 1. 

At low pressures the ionisation per electron was proportional to the pressures. 
At higher pressures it was constant and independent of pressure for any given 
initial eneigy. This constant ionisation measured the average number of ions 
produced by the complete absorption of an electron having the specified initial! 



energy. In fig. 6 tiie average number of pontive ions formed per election, for 
complete absorption, is plotted against the initial energy of tlie electron. 

The pressures required to absorb the electrons in hdiom and in hydrogen, 
were much greater than in other gases. Using a high-speed Gaede diffusion, 
pump and large tubing between the filament chamber and pump, the highest 
pressure which could be maintained in the ionisation chamber was about 2 mm.. 
Eg. This was inadequate to completely absorb the faster electrons in. helium. 
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Yio, 3.»-Ioiiisation in Hydrogen. 



ot hydrogen. For this reason the curves of fig. 1, relating to the faster electrons 
in helium, are incomplete. The measurements in hydrogen were confined to 
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initial energies below 600 volts, for which adequate absorption could bo obtained. 
In view of the results for helium and air there is little doubt that the line of 
fig. 6, referring to hydrogen, may be extrapolated at least to 1,000 volts. 

Only one run was made in nitrogen, using an electron beam of initial energy 
equivalent to 400 volts. The results were identical, within the limits of measure¬ 
ment, with the results obtained in air under similar conditions. Further work 
on nitrogen was discontinued, as it was evident that any discrepancy between 
air and nitrogen was less than the experimental error. This result suggests 
that there can be no great difference between the ionisation in nitrogen anil 
that in oxygen. 

Table I. -Ionisation in Helium. 

Initial velocity of electrons equivalent to 610 volts. 


Kleotric current. 

Positive ion 
current. 

1 

Positive ions 
per electron. 

Pressure. 

10'* amps. 

10“* amps. 


mm. Hg. 

0>67 

0-49 

1-2 

1-2 

j. 2-3 

1 0-11 

0-S6 

0'07 

2-S 

2-8 

]. 00 

0-24 

o-es 

062 

4-6 

4-0 

^ 7-8 

0-36 

o-so 

0-66 

7-6 

80 

^ 13-7 

0-78 

0-00 

7-6 



0S5 

049 

7-9 

7-4 

10-2x 

1-10 

0*47 

7-6 

J 



Filament heating 

current reduced. 


0-34 

0-37 

6-3 

6-6 

J. 16-2* 

1-36 

0-30 

0-31 

4-6 

6-0 

^ 10-3* 

1-67 


Number of poaitive ions for complete ulMorption (mean of x) b IS *2. 


Discussion. 

1. Energif Expenditure. 

The average energy expended in the formation of a pair of ions may her 
directly determined from fig. 5. This average energy, v, expressed in electron- 
volts is 

^ _ Initial energy of the electron stream (volts) 

Number of ion pairs for complete absorption* 
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Fig. 5 shows that v is sensibly constant, for any one gas, over the energy range 
examined, but varies in the diHerent gases tested. 



200 400 600 800 1000 vaZ/s 

IniLlal Energy of Electrons 

Fxo. 5. 

The ionisation potential p of a gas has been measured by determining tho 
minimiiTn energy with which a beam of electrons may form even an occasional 
pair of ions. This potential represents, in electron-volts, the energy associated 
with the separation of an electron from the normal atom without the transfer 
of an appreciable amount of kinetic energy to either of the ions so formed. 
An excess of the average energy v over the ionisation potential p must repre¬ 
sent an expenditure of electronic energy by processes other than this mere 
division of a normal atom into positive and negative ions. The efficiency of 
ionisation F may be defined 

F = p/v. 
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In the following table column 1 gives the types of ions which have been 
detected in the various gases; column 2, the values of p for the different ions; 
column 3, the values of v determined from Hg. 5; and column 4 the values of 
F estimated from the lowest ionisation potential of the gas. 


Table II. 


Typo nf ioti. 

Ionisation 

potential. 

Observed energy 
per pair ions. 

Kffioiency of 
ionisation. 

1 


volts. 


He*- 

24*5 

31 

0-78±0-05 

•A+ 

15-2 

33 

0*46 

A++ , 

45-3 



H,+ 

15-9 

37 

0*43 

N/ 

170 



N+ . 

27-7 

45 

0-38 

N++ 

24*1 



CO* . 1 

14*3 

45 

0-32 


Not^.—I onisation potentials are taken from Bulletin of the National Research Council, U.8.A., 
No« 48, entitled * Critical Potentials/ by Compton and Mohler. 

* Henry A. Barton, * Phys, Rev.,* Series 2, vol. 25, p. 469 (1925). 

The efficiency of ionisation was, in all cases, much less than unity and varied 
from gas to gas. It is evident that ionisation was not the only process by 
means of which the initial energy of the electrons was dissipated. Further, 
since the efficiency of ionisation was lower in diatomic gases than in monatomic 
ones, it seems probable that some of the processes were associated with molecular 
rather than atomic structure. 

The efficiencies given in Table II ate calculated from the lowest ionisation 
potentials of the gas concerned. In many cases higher ionisation potentials 
exist, associated with the formation of doubly charged ions, ionisation of the 
K electron level, etc. To allow for these in the estimate of the efficiency of 
ionisation would requite information concerning the relative probabilities of 
the different types of ions. Lacking precise information on this point, we can 
merely assume that the simplest type of ionisation is by far the most probable. 
As regards ionisation of the K level this assumption seems to be justified, for 
there is no appreciable change in the slope of the lines of fig. 5 as the initial 
energy of the electrons passes the critical potential associated with the K leveL 
(The K level of oxygen and nitn^n and an L level of argon lie within the 
energy range investigated.) Some information concerning the relative proba- 
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bilities of the types of ions listed in Ta})le II may be deduced from the work of 
H. D. Smyth and his collaborators. The aignihcancc of the critical potentials 
associated with these ions will be considered in the following discussion of the 
individual gases. 

Helium ,—The results obtained in helium are of esp<!(:ial interest as they 
refer to a monatomic gas of simple structure}. There can be no dissipation of 
energy by molecular dissociation, and Smyth has found but a single ionisation 
potential at which He ions are formed. Helium therefore appears to be the 
one gas to which the calctdations of Mr. R. H. Fowler,* conccirning ionisation 
by electronic impact in a gas having a single ionisation potential, are applicable. 

Mr. Fowler assumed that at an ionising cjollision the primary electron 1osm*s 
energy equivalent to the ioniaatioti potential of the ionised atom plus the kinetic 
energy with wliicli the atomic electron is ejected from the atom. lie estimated 
the velocity distribution of the secomlary electrons by classical considerations. 
After an ionising collision both primary and secondary electrons may cause 
further ionisation provided their kinetic energy is greater than that equivalent 
to the ionisation potential. Residual ki!U»tic energy less than tliis would be 
ineffective in ionisation. Mr. Fowler estimated that this residual energy 
would bo about one quarter of the initial energy of the primary electrons, so 
that the efficiency of ionisation would be three-quarters. 

This efficiency of ionisation is found experimentally to be 0*78 ± 0*05, a 
value in excellent agreement with Mr. Fowler’s estimate. Iu*the estimated 
efficiency no allowance was made for energy expended in excitation. The 
agreement between the estimated and experimental efficiency suggests that in 
helium there is but little energy expended in excitation. 

Argon ,—Argon represents a monatomic gas with a complex atomic structiure. 
The efficiency of ionisation, as estimated from the low ist ionisation potential, 
is 0*43, much leas than that found in helium, and slightly greater than that 
found in the diatomic gases tested. This estimate of the efficiency of ionisation 
should be corrected to allow for the doubly charged ions detected by Barton.f 
Barton’s curves for 60-volt electrons indicated that the ratio of doubly charged 
to singly charged ions was about 10:1, which would make the efficiency of 
ionisation 0*46. It is possible that the relative number of doubly charged ions 
might increase with increasing energy of the ionising electrons, but even in the 
extreme case of all the ions being doubly charged the efficiency would be but 
0*68, much lower than the efficiimcy in helium. 

* R. H. Fowler, * Proo. Camb. PhU. Soc.,* vol. 22, Pt. 5, p. 621 (1923). 
t Barton, loc, cUt, 
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It seems probable that in argon the initial energy of the ionising electrons 
may be partially dissipated by processes which are inappreciable in helium. A 
copious excitation of the argon atoms with the emission of a relatively intense 
radiation might constitute such a process, but a definite decision on this point 
must await further information concerning the relative probiibilities of single 
ionisation, double ionisation, and excitation. 

Hydrogen .—In hydrogen Smyth* has found ions with ratios of mje corre¬ 
sponding to H"**, and Hg'*'. Of these only was associated with a definite 

ionisation potential. The relative numbers of the three types of ions depended 
on the gas pressure, and Smyth concluded that the !!■*■ and Hg'*’ ions were formcul 
by dissociation of, and association with, the Hg"*" ions. It would thus appear 
that hydrogen is a gas with a single ionisation potential. In consequence we 
might expect an efficiency of ionisation of about 0*76 to correspond to Mr. 
Fowler’s estimate of 3/4. The efficiency as determined experimentally is 
0-43. 

This marked discrepancy indicates that an appreciable fraction of the initial 
electronic energy is dissipated by processes other than ionisation. Excitation 
and dissociation are two processes which might absorb some electronic energy^ 
The information available concerning these is scanty and rather conflicting. 
Smyth has found no evidence of dissociation accompanied by ionisation. Hughes,f 
on the other hand, has found a marked dissociation by electronic impact and, 
in view of Smyth’s results, suggests that this may be accompanied by excitation 
instead of ionisation. His results indicate that the energy expended in dis¬ 
sociation with excitation may slightly exceed that spent in ionisation. 

Nitrogen and Air .—^Ionisation measurements in commercial nitrogen were 
found to agree with the corresponding measurements in air, to within the limits 
of experimental error. The results for air, published in a previous paper, are 
therefore taken as applicable to nitrogen. 

In nitrogen Smythf has found ions with ratio mje corresponding to 
and N**"**, The efficiency of ionisation in nitrogen, estimated from the ionisa¬ 
tion potential corresponding to is 0*38 (Table TI). This must be corrected 

to allow for the N**" ions; the number of ions detected by Smyth was too 
small to appreciably affect the efficiency. The relative number of and 
ions varied with the energy of the ionising electrons. Using 100-volt electrons, 
the ratio of molecular to atomic ions was 9:1. The corresponding efficiency of 

♦ Smyth, ‘ Phys. Rev./ vol. 26, p. 462 (1926). 

7 A. Ti. Hughes,' Phil. Mag./ vol. 48, p. 56 (1024). 

t H. D. Smith, * Roy. Soo. Proc./ A, vol. 104, p. 121 (1923); and vol. 105, p. 116 (1924). 
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ionisation would be 0*40. For 600-volt electrons the ratio was 1:2, corre¬ 
sponding to an oflicicncy of 0-53. The correct cfTiciency is probably between 
0*40 and 0-63. 

Again, it seems probable that electronic energy was dissipated by processes 
other than ionisation. Hughes* has detocied in nitrogen a profuse dissociation 
by electronic impact. It is possible that this process may absorb about as 
much energy as is absorl^cd in ionisation, but the data available docs not permit 
a precise estimate. 

Carbon Dioxide. -Smyth’s method for determining m/e of the ions resulting 
from electronic impact has not, to the writer’s knowledge, been applied to carbon 
dioxide. The only data available concerning this gas is, that it has an ionisa¬ 
tion potential of 14-3 volts. The energy expended in the formation of 
a pair of ions was found to be 45 volts, indicating an efficiency of ionisation 
of 0-32. That this efficiency is lower than tliat found in any of the other 
gases tested is not surprising in view of the complexity of the carbon-dioxide 
molecule. 

Summing up these speculations on the dissipation of the initial energy of the 
electrons we find— 

In helium the experimental results are adequately accounted for by Mr. 
B. H. Fowler’s views on ionisation by electronic impact in a gas with a single 
ionisation potential. The agreement between the experimental and estimated 
efficiency of ionisation indicates that but little energy is cx|)cnded in exciting 
the helium atoms. 

For the other gases tested the available information is insufficient to deter¬ 
mine precisely the processes which contribute to the dissipation of the initial 
energy of the electrons. The results indicate that processes other than ionisa¬ 
tion absorb appreciable amounts of the initial energy. It seems probable that 
in argon there is a copious excitation of the atoms. In hydrogen and nitrogen 
it is possible that dissociation, accompanied by excitation, may contribute 
largely to the dissipation of the initial electronic energy. The information 
concerning this process is rather conflicting, and a definite conclusion cannot 
yet be made concerning the extent to which dissociation contributes to the 
absorption of electronic energy. 


* Hughes, foe. cit. 


2 U 2 
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2, A Comparison with Measuremenis on the Total Ionisation due to X-Rays and 

Alpha Rays. 

The ionisation produced by the complete absorption of X-rays in air has 
been measured by Kulenkampff.'*' The initial energy of the rays was measured 
by determining their heating effect when absorbed in lead. The accuracy to 
which the initial energy could be estimated was not specified. It was found 
that the average energy expended in forming a pair of ions was 35 volts. The 
discrepancy between this value and that of 45 volts found above for ionisation 
by electrons is rather striking. It is well beyond the limits of error of the 
present experiments, but may be associated with tlie determination of the 
initial energy of the X-rays. 

The average energy expended in the formation of a pair of ions by an alpha 
particle has been measured in air by Geiger. Using Geiger’s results for air, 
Gurneyt has determined this energy expenditure in several gases. His n^sults 
are given in the following table together with the corresponding energy expendi¬ 
ture by electrons, as deduced from figs. 1 to 6. 


Table III. 



Ionisation 
potentials, P. 

Average energy expended per ion pair. 

a particle from 
Gurney, A. 

Elootron 
(from fig. 16), V. 


Volte. 

Volte. 

Volte. 

Helium . . 

24*6 

26*2 

31 

Argon . 

15*2 

24-0 

33 

H^rogen 

16*9 

31*0 

37 

Air. 

17*0 

330 

45 


From the data given in this table we may estimate the relative amounts of 
primary ionisation due to the alpha particle itself, and secondary ionisation due 
to the delta particles ejected by the alpha rays. At an ionising encounter the 
alpha particle must lose energy equivalent to the ionisation potential p ” 
plus the energy of the ejected delta particle. If ejected with sufficient energy, 
the delta particle may itself ionise with an average expenditure of v electron- 
volts per pair of ions. If the ratio of secondary to primary ionisation is n, on 
the average a delta particle will produce n ions involving an expenditure of nv 
electron-volts. This may be assiuned to be the average energy with which the 

* Kulenkampff, * Ann. d. Physik,’ toI. 80, p. 261 (1926). 
t Qum^,' Roy. Soo. Proo.,’ A, vol. 107, p. 332 (1925). 
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delta particles are ejected. Thus, ou the average, au alpha particle will expend 
Jiv -f* p electron-volts per ionising encounter. As w 1' 1 positive ions result 
from this encounter, tlie average energy expended by the alpha ray per ion pair 
must be 

n + 1 
or 


An estimate of u may be made for those gases i)i wliieh the discTe[)aiK*ies 
between p, A and v are considerably greater than the experimental errors involve* I 
in the determination of these quantities. 

In hydrogen w = 2*5 ; in air =. 3 -3. These estimates are subject to errors 
of 30 or 40 per cent. They merely indicate that the secondary and primary 
ionisation of au alpliu ray arc of the same order of magnilud*'. In ludium and 
argon the discrepancies between p, A and v are insuflicient to permit even an 
approximate estimate of n. 

3, 27w; Range of the Electrons. 

The curves of figs. J to 4 show two distinct stagers. At low pressures th<5 
ionisation per (deetron is proportional to the pressure; ul higluT prijssurcs, 
adcqufitc to completely absfub the electrons, it is constant. The transition 
between the two stages is fairly abrupt, and the. critical pressure, just adequate 
to absorb the electrons, may be determined by extrapolating to their point of 
intersection the linear portions of the curves. Assuming that the lateral diffusion 
is small in comparison with the range of tlie cletjtrons, the range at the critical 
pressure must be the length of the ionisation chamber, viz., 16 cm. If the 
range is inversely proportional to the pressure of the absorbing gas, at a standard 
pressure of 1 mm. Hg it would be 

(16 X critical pressure) cm. 

The ranges so estimated are plotted in fig. 6. The results for air are taken from 
a previous paper. 

It is interesting to compare these ranges with the range as estimated from the 
rate of absorption of electronic energy. The rate at which the energy of 
relatively fast cathode rays is absorbed has been the subject of several investiga¬ 
tions, both theoretical and experimental, but no measurements are available 
for the slow rays now under consideration. For these slow rays we have the 
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present measurements of the total ionisation and the measurements of the 
ionisation per imit path by Compton and Van Voorhis* and by Kosselt The 



Fio. e.—Range of Electron Beams (gas pressure 1 mm. Ug). 

rate of energy absorption necessary to correlate these measurements may be 
computed, and the range of the electrons estimated by integrating between energy 

of the absorbing gas. 

The calculations are confined to air, as it is only in that gas that both the 
total ionisation and the ionisation pet unit path ate known for the complete range 
of electron energies under consideration. 

• Compton and Van Voorhis, ‘ Fhys. Rev.,' vol. 27, p. 274 (1026). 
t Koasd, ‘ Ana. d. Phytik,’ voL 87, p. 808 (1012). 
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Lot 

I = the total ionination due to the absorption of an electron which had 
an initial energy equivalent to V electron volts. 

X = the distance the electron has travelled from an origin at which it 
had an energy of V electron volts. 
q = the energy of the electron at a point x cm. from the origin. 
i == the ionisation per unit path due to an electron with an energy q 
electron-volts travelling through air at a pressure of 1 mm, Hg. 
p = the electronic energy cquivaletit to the ionisation potential of air. 
R = the range of the electron, or that value of x at which q is less than p. 

The number of primary ionising impacts in a distance dx is idx. At each 
impact a secondary electron would be ejected, and, if the average number of 
ions produced by each secondary is the ionisation in the distance dx is 

i (/ + m) . dx. 


Measurements of the velocity distribution among secondary electrons ejected 
from metal foils shows that the great majority of these are ejected with energies 
inadequate to ionise air.* Thus the value of m is probably small in comparison 
with unity, and it has been neglected in the following computations. Integrating 
over the range of the electron we have 


I =r \idx 
oJ 



Since no ioi\i8ation can occur when q is leas than p, 



therefore 

dl_ .dx 

InairdI/dV = 0 022 (fig. 6), 
so that 

^ cm. per clectron-volt. 

dq i ^ 

The experimental values of i are given in fig. 7 as a function q. The corre 
* A. Beckor, ‘ Aim. d. Physik,’ vol. 78, p. 228 (1026). 
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^ponding values of —ffec/d-y arc plotted in fig, 8. The range of the electrons lor 


an initial energy V is 



and may be obtained by a graphical integration of the curve of fig. 8. The 
values of the range are plotted in fig. 9. A comparison of fig. 9 with the air 
curve of fig, 6 shows a good agreement between the two estimates of the range 
of the electrons, and suggests that the measurements of total ionisation and of 
ionisation per unit path are consistent. 



Energy of Electron (q) 

Fig. 7. —lonisaUon per Unit Path in Air at 1 mm. Hg. 



2^ ^ SOO IOOCvn2rj 

Energy of Electron 

dx 0*022 *r 

— ^ ^ ■ in Air at 1 mm. Hg. 


Fig. 8. 
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Fio. 0.—Kango of Electrons in Air nt 1 mm. Hg, 


Summary. 

The total ionisation due* to tho absorption of homogeneous beams of slow 
cathode; rays has been measured in helium, argon, hydrogen, nitrogen, and 
carbon dioxide. 

The average ionisation per electron for complete absorption was proportional 
to the initial energy of the cathode ray. 

The average energy expended in the formation of u pair of ions and the 
efficiency of ionisation were as follows:- - 

Energy per ion pair. IWieiency. 


Helium . lU electron-volts 0*78 

Argon . ,, 0-40 

Hydrogen. 37 ,, 0-43 

Nitrogen . 45 ,, 0*38 

Carbon dioxide . 45 ,, 


The rate of absorption of electronic energy necessary to correlale the present 
measurements of total ionisation with the measurements of Compton and Van 
Voorhis and of Kosscl on ionisation per unit path has l»een estimatf'd. 

The range of the cathode rays, in air, was estimated 

1. From the pressure necessary to absorb the rays within the length of the 

ionisation chamber. 

2. From the rate of absorption of electronic energy. 

The two estimates are concordant. 


These experiments have been carried out under the supervision of Sir 
Ernest Rutherford. It is a pleasure to acknowledge my indebtedness to 
him and to express my thanks for his continued interest. 
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A Simple Itwlioaclive Method for the Photographic Measurement 
of the Integrated Intensity of X-Ray Spectra. 

By W. T. Astboby. 

(Communioated by Sir William Bragg, F.R S.—Received May 25, 1927.) 

In this paper will be given a preliminary account of a method by which the 
intensity distribution in X-ray crystal photographs may bo estimated by means 
of a simple and inexpenuve apparatus. In the usual photometric proceduro the 
blackening of a photographic plate is estimated by finding the intensity of light 
transmitted through it. In the method to be described the photographic plate 
is replaced by a carbon print, and the light and light-sensitive cell by a-rays and 
a simple a-ray electroscope respectively. The obvious advantages of such a 
system are, of course, esse of construction and negligible cost; but, as will 
be seen below, there already appears promise of a much more weighty advantage, 
namely, that with suitable adjustment the apparatus may bo made to initiate 
the X-ray intensity of a crystal reflection after the manner of the Bragg ionisa¬ 
tion-spectrometer. 

Details are ^ven below, but briefly the method is as follows. A carbon print 
is first made of the photographic negative. A carbon paper (or tissue, as it is 
called) consists merely of a pigmented film of gelatine sonsitiaed with dilute 
aqueous potassium dichromate solution. On exposure to light such a film 
becomes insoluble, the depth of the insoluble layer after a given time bting a 
measure of the intensify of the incident light. On development with warm 
water the remaining soluble portions are washed away, and there is left a film 
of thickness which varies according to the variation in blackness of the original 
negative. This insoluble film bmng very tough is readily detached, and, because 
it is so thin, its stopping-power for a-rays is just about of the right order. The 
variations in its thickness are thus very easily followed by aid of a few square 
millimetres of foil on which polonium has been deposited, a tingle tiit, and the 
a-ray electroscope described by G. T. R. Wilson, which is usually figured in text¬ 
books. The latter can be constructed &om an ordinary cigarette tin, and a 
simple tele-microscope with eyepiece scale. 

In what follows, the apparatus and the results so far obtiuned with it will 
be described first. Finally will be given the details of the preparation of the 
“carbon” films. 
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Apparatus. 

The plates used for the X-cay photographs were Ilford X-ray quarter plates. 
They were developed for 4 minutes at room temperature with the single-solution 
metol-hydroquinonc developer (diluted to half strength) recommended by the 
makers on their plate boxes. The X-ray tube was of the Shearer type with copper 
auticuthode. 

The electroscope shown in fig. 1 was constructed of “ tin ” and to suit the 
shoi-t focus of the microscope available at the time, had the ditueimious 7 X 7 X 
2 cm. The loaf was about 10 X \ mm. The bottom of the olcctroscope was 
closed with aluminium leaf c(juivalent in stopping-power to about 1 miu. of 
air. 



Flo. 1.—sulphur bead ; B, loaf system; C, wire for charging loaf from rubbed elionite 
or sealing wax; D, ebonite or rubber cork ; E, nJuminium leal; elastic bands for 
holding carbon tissue in position; G, carbon tissue; H, glass slit system; I, deposit 
of polonium on metal foil; J, slider for polonium. 

The slit system was of the simplest. It consisted merely of two pieces of glass 
(mioioacope dide) adjusted so that two edges were parallel and about J mm. 
apart—actually the slit width was 0-43 mm. Its length was defined by two 
pieces of thick gummed paper, which was more than sufficient to stop the 
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a-rays. The polonium, deposited on a few square millimetres of silver foil, was 
mounted on a slider so that it could be withdrawn from under the glass slit 
when necessary ; it could always be replaced in the Siiine position. The object 
of this arrangement was to enable the spectral lines of the X-ray photographs 
to be adjusted over the slit. Such lines are, of course, lighter than the back¬ 
ground in the carbon print. The complete slit system could be removed from 
under the electroscope and held up to the light. By this means the film was 
adjusted simply by hand and afterwards held in position by two thin elastic 
bands. When the required lino had been brought over the slit, the whole could 
then be replaced under the electroscope, and always in the same position. 
After this procedure had been carried out, the measurement consisted only in 
observing the time of fall of the leaf over 100 divisions of the eyepiece scale of 
the microscope. (The mean of several readings must always be taken, on 
account of the probability variations in the a-ray emission.) The reciprocal of 
this niunber (the natural leak of the electroscope was negligible) was taken as 
representing the intensity of a-ray ionisation for the thickness of carbon tissue 
under examination. Thus to every value of the X-ray intensity on the original 
negative there corresponded a certain a-ray intensity. 

PrdimiTmry considero^iom. 

The maximum thickness of the insoluble gelatine film in a carbon print is 
of the order of 1 /60 mm., equivalent in stopping power to about 1-6 to 2 cm. 
of air when tested with the electroscope. The film is practically inextensiblc 
and, considering its thinness, very tough- properties which allow it to be easily 
stripped from its support without injury. It can be seen at once that, after 
development, the thickness of a film for a given light intensity during printing 
should be independent of irregularities of thickness in the original undeveloped 
film, provided that the pigmentation and sensitising are uniform. This is a 
remarkable property which has naturally contributed a great deal to the success 
of the measurements being described. It arises from the fact that, before 
development with warm water, the film is transferred to a temporary support, 
so that the still soluble gelatine may be washed away from the side of the film 
opposite to that which has been exposed to the printing light. Thus for a given 
intensity of printing lig^t a constant thickness of insoluble gelatine remains 
behind after the washing has been completed. 

This point was tested by exposing a number of films under plain glass. Either 
sunlight or arc-light may be used, though the former on bright days is much 
quicker. The exposure is controlled by an “ actinometer "—a box in which 
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a small area of printing-out-paper can be exposed simultaneously, the unit of 
exposure being that required to darken the p.o.p. to a standard tint. The number 
of units most suitable for a given negatives is soon found by trial. It was found 
that with photogravure tissues ((] 12), developed as described below, the electro¬ 
scope readings were constant over the central area of the film (about 20 sq, cm. 
were examined) to within about 1 per cent., in fact the variations were of the 
order of the probability variations of the a-ray eniission. This was a very 
encouraging verification of the prediction mentioned above and showed that 
quite high accuracy might be expected by taking the mean from several prints. 

The next step involved an X-ray photograph tht; intensity variations on 
which were known. For X-rays the photographic effect of twice the intensity 
can be obtained very closely by cloubling the time of exposure,* but it was 
found more convenient to adopt the following prpeeduro. The X-rays passed 
through a slit about 2 cm. long and fell upon a selected strip of mica of similar 
dimeuvsions. The CuKa and lines produced on a photographic plate 10 cm, 
distant were then several centimetres long and nearly I mm. broad. It was 
then assumed that the ctuitral portion (1 • 5 cm., say) of these lines was practically 
uniform in intensity. On examining carbon prints of such a photograph with 
the electroscope, the glass slit being 3 mm. X 0*43 mm., it was found that 
this was indeed the case, since the variations in electroscope readings were of 
the same order as ha<l been olxserved in the plain films mentioned above. 

This result afforded an easy metliod of calibrating an X-ray photograph. 
As is well known, the o»ily sound method of using photographic plates for 
accurate intensity measurements involves a calibration wedge the history of 
which is identical with that of the plate under examination. In other words, 
whatever photometric system is used, the basic step in the measurement must 
always be the finding of two points on the plat 5 whore the photographic 
effects are identical. This means that every phoiographie phUe mmt bear its 
own calibration wedge which has passed through exactly fhe same stages of develop- 
Tuenif fixingf etc.^ as have been suffered by the photographic lines or spots to be 
measured by aid of the wedge. 

In these experiments the calibration wedge was made by adding successive 
thicknesses (1/1000 in.) of aluminium foil. Such a step-wedge was constructed 
with steps 2 or 3 mm. long and fixed to the paper covering the X-ray plate 
over the area where the third order OuK. mica line was known to be produced. 
The wedge thus overlay the central portion of the line which had previously. 

* A. Bouwew, • Z. f. Phymk.’ vol. 14, p. 174 (1023); ‘ Physioa,* vol. 3, p. 113 (1923); 
and vol. 5, p. 8 (1026); ' I>tf»ertation Utrecht,’ 1924. 
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been diown to be approximately uniform in intenaity. The values of X-ray 
intensity oonesponding to the steps of the wedge were then calculated from 
the thicknesses of the steps, the angle of incidence of the rays on the plate and 
the absorption coefficient of CuKa rays in aluminium. The wedge so obtained 
servOd for the measurement of other lines on the same plate, since its photo¬ 
graphic history throughout was identical with theirs. 

Experimental ReauUs. 

The first quantitative measurements were made with the mica photographs 
mentioned above. These showed the first three orders of reflection from the 
cleavage plane. A portion 1 ■ 2 cm. long of the third order K, line was used 
for calibration, this being divided into four steps of 3 mm. each, corresponding 
to the X-ray intensities, 100, 71*4, 61*0 and 36*4. In these first experiments 
the slit system was placed at an arbitrary distance (generally 1-2 cm.) below 
the electroscope, but, as will be seen below, this is not the best method of using 
the apparatus. The width of the slit was about half the width of the lino, and it 
was assumed that when the maximum of the lino covered the slit, the apparatus 
was measuring a small area (3 mm. x 0*43 mm) of approximately uniform 
intensity. The «-ray intensities of the four steps of the wedge w^e then plotted 
against the calculated X-ray intensities coirespondii^ to them. The four 
points so obtained lay approximately on a straight line. Headings for the 
central 3 mm. of the third order ^-line and the first and second order oc-lines 
wore then taken, and also in each case the readings for the photographic back¬ 
ground on both sides of the line. The corresponding X-ray intensities wore 
then read ofi from the calibration curve. The results for five different prints 
of the first photograph were as follows:— 


Table I. 


3rd 

order. 

Baok- 

grouod. 

3id 

Baok- 

ground. 

2nd 

order. 

Back¬ 

ground. 

Ist 

ordcT, 

II 

100 

41 

53 


54 

35 

78 

34 

100 


4U 

30} 

57 

37i 

77* 

37i 

100 


47} 

30} 

54 

89 

74* 

37 

100 

42 

00 

30 

54 

36| 

78 

37 

100 

«* 

47* 

30 

05* 

88 

74* 

34* 

100 

41i 

49* 

SOi 

65 

1 37 

76* 

86 Mean 
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The effects of the respective backgrounds having been subtracted, the cor¬ 
rected relative intensities were then:— 

3rd order 3rd order p 2nd order 1st order 
B8i ’ 10 ’ 18 ’ " Toj ’ 

which gave for the ratio K*/Kp, 58^/10 = 6-85. 

As a control upon this result another mica photograph was taken and 
measured up in a Bimilar manner. The values obtained from three prints were 
as follows;— 

Table II. 


3rd 

ordiT. 

Bikok- 

ground. 

3rd 

s. 1 

Bank- 
ground. ' 

1 

2nd 

order. 

Back¬ 

ground. 

let 

ordor. 

Back¬ 

ground. 


40 

44 

33 

48 

28} 

1 

72} 

32 



44i 

34 

SOi 

31} 

69} 

33} 


41 

46i 

36} 


29 

67 1 

32} 

100 

40 

46 

34 

46} 

29} 

60} 

32} Mean 


Hence 

3rd order 3rd order p 2nJ order Ist order 
60 ’ 11 ’ 19 ' 37 

and the ratio K«/K^, 60/11 = 5-46. 

This agreement was exceedingly satisfactory, for, as can be seen from the 
results tabulated above, it was obtained under relatively bad conditions, since 
the general X-iay background was comparable with the reflections themselves. 
The means of the two sets of observations give for muscovite mica, 1st order : 
2ud order: 3rd order = 66: 31; 100, and for copper, Ka/K^s = 5-65. This last 
value must be corrected for the differential absorption of and in the 
window of the X-ray tube. The final corrected value for CuK./Kj 3 — 6-2. 
(The window was aluminium foil, 1/1000 in. thick.) 7'his result lies between 
the two values quoted by Siegbahn,* viz., 6-53, found by Unnewchr, and 6-0, 
found by Siegbahn and Z&cek. It is based on the assumption, which must be 
nearly true, that K. and are equivalent in their effects on the photographic 
plate. Of course, the intensities measured above are not the true integrated 
intensities required for accurate X-ray analysis. But the edges of the lines 
were so diarp that the ratios obtained must be very nearly correct. A source 
of error is provided by the nature of the general X-ray background, alwaj^ an 
annoying feature in the accurate intensity measurement of crystal reflections. 

• M. Siegbahn, “ Spectroscopy of X-rays,” English translation, pp. 06-97. 
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In the method used here it is assumed that the background consists mostly of 
copper radiation; otherwise the calibration by an aluminium absorption wedge 
would be invalid. The very satisfactory value obtained for the ratio K,/K^ 
indicates that the assumptions involved in its measurement arc not seriously 
wrong. But the only safe way of eliminating the uncertainty of background 
values is to reduce them to a minimum. In the observations to be described 
next, this precept was put into practice. 

The experiments outlined above must be regarded os rather of a tentative 
nature. A much stricter test was necessary, over a wider range of intensities. 
There are always two main dilTiculties: 1, the background, and 2, the diiliculty of 
obtaining control measurements by other methods. The first was practically 
eliminated by using a very small oscillation (5°) instead of the 2U° used above. 
This reduced the background to less than 10 per cent, of the lino, and the 
reflection of other wave-lengths on to the area occupied by the line must have 
been very small. The second obstacle is bound up with the nature of crystal 
reflection itself, the intensity of which has been shown to depend upon a number 
of factors which are often extremely difficult to evaluate. On this account it 
was considered advisable to use some method which would be independent of 
the theory of crystal reflection. For this purpose the following procedure was 
adopted. 

The same CuK. mica third order reflection was used as before, with an 
aluminium step-wedge of seven steps each 2 nun. long, corresponding to the 
X-ray intensities, 100, 71*4, 61-0, 36 *4, 26-0, 18-6, and 13‘2. Two lines, 
covered in turn by this step-wedge, were made upon the photographic plate in 
the two positions for which the reflected X-rays are equally inclined to the 
normal to the plate. The time of exposure for one line was 25 minutes and for 
the other 20 minutes, the X-ray tube running very steadily all the while. Thus 
were produced on the plate two lines that were each divided into seven grada¬ 
tions of intensity, and that were exactly alike in every way except in that one 
was only 4/5 as intense as the other. The plan was to use one wedge as a 
calibration wedge and to find from it the rdative intensities in the other. The 
intensity ratios in the two wedges should be the same, of course, and furthermore 
we should find the ratio 4:6 between the intensities of conesponding steps. 
Table III shows the results from seven prints of this photograph. The first 
four are photogravure tissues Q 12 and the last three G 2 (see hdow). The 
X-ray intensity of the strongest step of the more intense wedge is counted as 
KM). 
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Talile III. 


1st step. 

2nd step. 

3rd Btop. 

4tll Rt-op. 

5th Htep. 

0th step. 

7 th step. 

81 

rtO 

3HJ 

28} 

■ 

20} 

Hi 

HI 

78^ 

rtT/i 

30i 

29 

21} 

15 

11} 

811 

m 

38} 

27 

21 

10 

12} 

SO 

OS 


28} 

24 

15} 

12} 

80} 

57* 

lOi 

2ft 1 

21 

14} 

1U 

79 

65* 

:i7i 

27 } 1 

21 

14 

u' 

80 

.56} 

.381 

A 

101 

14 

W 

80 

asi 

39 

1 281 

21 

J5 I 

11} Mmii 


• Film itijun'il here. 


The intensities of the steps of the weaker wedge are therefore in the ratio, 
80: 55i : 39:28J: 21 :15 :11^, le., 100: ml : 49 : ml : 20^^ : ]9 ; 11J. A com¬ 
parison of these figures with those calculated from the constants of the wedge 

Calculated 100 : 71-4 : 51*0 : 36*4 : 26-0 ; 18-6 : 13-2 
Observed 100 : 69^ : 49 : 35^ : 26^ : 19 : 14^, 

must be considered very satisfactory, if we bear in mind the comparative crude¬ 
ness of the apparatus and technique described above. In any (lasc, perfect 
agreement is to be expected only if the X-ray negative is unifomi and uniformly 
developed, the calibration line is uniform in intensity and tlu* aluminium foil 
of the wedge is of uniform thickness. 

It is also satisfactory to note that the ratio 4 : 5 is found for tlic intensities of 
ec/l%8ponding steps of the two wedges. The intensity of the 7th step was 
obtained by extrapolation, and perhaps on this account is not so accurate as the 
intensities of the other steps (sec below). A typical pair of curves (the 6th in 
Table III) for the two wedges is shown in fig. 2. 

The lower one is the calibration curve .obtained by measurement of the 
more intense of the two photographic wedges. The (ordinates of the weaker 
wedge cut this calibration curve in the values of X-ray intensity, 8067^, 
40J, 29, 21, 14|, and 11The abscissa) are the reciprocals of the times of fall 
of the leaf over 100 divisions of the eyepiece scale, multiplied by 1000, while 
the ordinates are in arbitrary units. 

The above measurements were obtained by a procedure which differed some¬ 
what from that used in the case of the mica photographs. In the latter the slit 
system was placed at an arbitrary distance below the electroscope, but for the 
double wedge investigation the a-ray intensity corresponding to zero X-ray 
intensity was made zero also. This was accomplished by lowering the slit 

VOL. OXY.—A. 2 * 
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system until the electroscope leaf showed no deflection for the area of the print 
corresponding to those parts of the original negative which had been covered 



10 20 30 10 50 60 

ct-ray intensity 

Fro. 2. 


by lead. It is clear that measurementB obtfdaed in this fashion are more 
accurate than those obtained with the slit neat to the bottom of the electroscope, 
because the a-rays have short and definite range (about 3'8 cm. for polonium). 
The percentage increase in ionisation for a given decrease in thickness of the 
carbon film becomes smaller and smaller as the slit system is brought nearer 
to the bottom of the electroscope. 

Temperature Effect. 

In these first experiments with the radioactivity photometer the effect of 
temperature was neglected. The only precaution taken was to carry out the 
observations in a room which was free from draughts and in which the tempora- 
t\ire conditions had become fairly steady. But as a matter of fact temperature 
changes may have an important effect on the readings of the weak intensities, 
because the range in air of the a-particles increases from 3*721 cms. at 0° C. 
to 3*926 cms. at 16° C. Thus a change in temperature alters that distance of 
the slit sjrstem below the electroscope which corresponds to zero a-ray intensity, 
and therefore alters the proportion of the total range which, for a given X-ray 
intensity, is included inside the electroscope. 

This trouble may be easily eliminated by arranging that the a-rays, before 
they enter the electroscope, do not pass through air but through a medium— 
e.g., metal foil—of which the coefiBcient of e^iansion is small compared with that 
of a gas. Then, once the electroscope is more than deep enough to absorb 
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the rest of the range, the apparatus becomes practically independent of ordinary 
temperature changes. For this purpose a alight modification of the apparatus 
sketched in fig. 1 is necessary. As the maximum stopping power of the carbon 
tissue is about that of 2 cm. of air, the bottom of the electroscope may be 
closed permanently, not with aluminium leaf, but with foil of, say, 1 cm. stopping 
power. Afterwards, successive thicknesses of leaf may be temporarily attached 
to this instead of lowering the slit system. Zero deflection for zero X-ray 
intensity can then always be obtained with the slit system very close to the 
bottom of the electroscope. 


The Integrating Proferty. 

As mentioned above, the property of a-rays of having a short and definite range 
gives us at once the power of making, by a small adjustment of the apparatus, 
the X-ray and a-ray intensities vanish simultaneously. This means that the 
radioactivity photometer under discussion possesses in itself the first indis¬ 
pensable characteristic of an integrating pliotometer. The second condition 
that must be satisfied is tlmt the a-ray intensity must always be directly pro¬ 
portional to the X-ray intensity. Fig. 2 shows how nearly this condition is 
already satisfied in the method of measurement adopted for the double wedge 
investigation. The curves shown arc not far from straight lines through the 
origin. But as they stand, they have one unsatisfactory feature that must be 
remedied, and that is the slope of the part near the origin. Both curves are 
based on the adjustment of zero a-ray intensity for zero X-ray intensity, and 
so it is clear that there must be a sharp change in curvature quite close to the 
origin. Such a discontinuity is fatal for the integrating property. Evidently, 
it is a consequence of the shape of the Bragg a-ray ionisation curve. 

It is possible to draw an interesting conclusion from a simple mathematical 
consideration of the question. Let be the iutensit;^ of the printing light and 
I the intensity that is transmitted through the negative at the point where the 
X-ray intensity is X. Then, since it is known that for small X-ray intensities 
the photographic density is proportional to the X-ray intensity, we have 

X = AIog(Io/I) (1) 

where A is a constant. The light intensity I will fall on the carbon tissue and 
be absorbed, presumably, according to the ordinary absorption law. But there 
will be a mmiTnuTn intensity i that is necessary to bring about the reaction 
between the potassium dichromate and gelatine which results in the inaolu- 

2x2 
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bility of the latter. Thus a thickness t is made insoluble, and. if [l is the absorp¬ 
tion coefficient, 

/ =-. Ic"'**. (2) 

From (1) and (2) we have 

^ ^ l/^(logIo/i^-X/A). 

Hence, if T is the thickness of insoluble carbon tissue correspomling to zero 
X-ray intensity, 

fxA(T~0. (^) 

Or, in other words, the X-ray intensity is proportional to the decrease in thick¬ 
ness of the insoluble carbon tissue; that is, the X-ray intensity at any point of 
the carbon print is measured by the depth of the hollow there below the level 
corresponding to zero X-ray intensity. If this deduction is sound, it means that 
if we were to explore the contour of the print with some delicate device such 
as an optical lever, it would trace out peaks of X-ray reflection exactly of the 
same shape as those that may be obtained on a Bragg ionisation spectrometer. 

In terms of electroscope readings this result may be expressed by saying that 
the X-ray intensity at any point of the print is proportional to the additional 
length of range that enters the electroscope when that point lies over the slit. 
Thus, for small X-ray intensities, the curve showing the increase of a-ray 
ionisation with increasing X-ray intensity should be simply the curve which 
shows the increase of a-ray ionisation as we decrease by successive equal amounts 
the thickness of film covering the radioactive source. Such a curve was 
obtained long ago by Rutherford* ; it is approximately logarithmic, following 
near the origin a course similar to that of the curves of fig. 2. 

Owing to the difficulty of obtaining thin uniform films of 1 or 2 mm. stopping 
power, an analogous experiment was made by decreasing 1 mm. at a time the 
distance between the slit and the electroscope. The increase in ionisation is 
then faster than in Rutherford’s experiment owing to the increase in solid angle 
of the a-ray beam, but the result is sufficiently close for the purpose. It showed 
that equation (3) above is indeed approximately true for small photographic 
densities, up to about 0*4,f as far as could be judged. At higher densities the 
wedge and electroscope curves diverge, the latter being slightly concave down¬ 
wards. This is quite what would be expected, for two reasons : 1, the increase 
of solid angle mentioned above, and 2, the photographic density increases more 
slowly with strong X-ray iuteiisities (see Bouwers, loc, dt,) than is demanded 

* * Radioactive Subatanoes and their Radiations,’ p. 146. 

t For meaaureinents of photographic density 1 am indebted to Dr. G. Shearer, of the 
National Physical Laboratory. 
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by the straight line law which holds for weak intcnHities; that is. the carbon 
film is always thicker and therefore the ionisation smaller than the linear 
law requires. 

The above discussjon throws a considerable light on the question of the way 
the radioactivity photometer must be used in order that it may act also as an 
integrating photometer. Tt is clear that the curve obtained from the step- 
wedge is a compromise between the photographic black(>ning curve and the 
Bragg curve which shows the variation in ionisation along the path of the 
a-particlcs. The short steep slope near the origin in the curves of fig. 2. which 
was the cause of some uncert<ainty in the extrapolated value of the intit‘nsity 
of the seventh step of the weaker wed(^, obviously corresponds to that part of 
the Bragg curve, known as the “ tail,” which is due. to " straggling ” of the 
x-porticles. It can be eliminated in a very simple fashion by arithmetical sub¬ 
traction of the ionisation due to it. In other words, what we have to do is to 
adjust the slit-electroscope distance so that zero X-ray intensity corresponds 
to the foot of the steep part of the Bragg curve, and then to subtract the ac-ray 
intensity corresponding to zero X-ray intensity from all other readings. This 
procedure makes the curve pass through the origin and at the same time removes 
the discontinuity shown in fig. 2. The “ tail ” of the Bragg <'nrve is somewhat 
indefinite, and so it is necessary to find the ” optimum ” position of the slit. 
This has been done for the weaker wedge, with the following results (Table 4). 
The five columns correspond to five positions of the slit, the first being the 
position where zero X-ray intensity produces zero a-ray intensity, and the other 
four positions being at 2, 3, 4 and 5 mm. nearer the olectro3CM>pe respectively. 
The “ tail effect ” has been subtracted in each case (it is zero in the first, of 
course), and then the results have all been reduced so as to make the «-ray 
intensity of the third step always equal to 51. 


Table IV. 
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These resttlts aie only rough preliminaxy values, but they are sufficiently 
accurate to make the point here desired; and that is, that the radioactivity 
photometer with a ocutain adjustment may be made to function as an integrating 
photometer over quite a reasonable range. The calculated intensities of the 
seven steps of the wedge are 100, 71-4, 61*0, 36*4, 26*0, 18'6 and 13*2, and 
the numbers reproduced in the above table are readings of the seven corre* 
spending a-ray intensities obtained without reference to the calibration curve. 
It will be soon how, near the zero position, the stronger intensities are in agree¬ 
ment, while raising the slit 4-6 mm. brings the smaller intensities into corre¬ 
spondence. The values 5], 37^, 27^, 18, 12 and U obtained at 4 mm. are in 
very gratifying agreement with the X-ray intensities 61, 36*4, 26-U, 18'0. 
13*2 and 0. The curves lor the zero position (I) and for 4 mm. (II) are shown 
for comparison in fig. 3. 

The photographic density of the most intense step (X-ray intensity — lUO) 



of the wedge under discussion was 1 *33, and for the third step (X-ray intensity 
= 61) it was 0*81. Now 0*8 corresponds to quite a considerable blackening of 
the photographic plate, yet up to this denuty the X-ray intensities and a-tay 
intensities are closely proportional. Hence, even at this preliminary stage, 
it is apparent that the radioactivity photometer may be used as an integrating 
photometer for most of the spots on an X-ray photograph. And, after dl, it 
is euff enough to cut down the time of exposure of on X-ray plate so that the 
photographic densities may fall within the prescribed limits. 

But we have not yet exhausted all the means of improving the technique 
and of extending the integrating range still further. As pointed oat above 
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the photometer curve is a compromise between the photographic density curve 
and the Bragg ionisation curve, and a study of Table IV indicates at once how 
to make the best of this circumstance. It shows that curve II turns up for 
higher intensities chiefly because the maximum of the ionisation curve has 
been reached. Fig. 4 shows schematically what is happening. In the diagram 
the slit-clectroscope distance is aupj)osed adjusted to 
(say) the 4 mm. position, so that the “ tail *’ is just 
inside the electroscope. As the X-ray intensity in¬ 
creases, the carbon film becomes thinner and more and 
more of the Bragg curve enters the electroscope, the* 
a-ray intensity observed being the area under the part 
of the curve that has entered. The a-ray beam is very 
divergent, so that the part between the tail and the 
maximum is flattemed somewhat (apparently with the 
apparatus used here it corresponds to about 1*5 cms. 
of the range). Evidently then, what we have to do is 
to cut down the maximum thickness of the carbon 
print so that its stopping-power docs not exceed the stopping-power of this 
convenient part of the a-range. And, of course, this can be done simidy by 
decreasing the printing exposure. 

Another possible way of improving the method is by a more suitable choice 
of photographic plate. A plate whose density curve approximates more nearly 
to a linear law than the one used in these experiments, would probably give a 
more exact linear relation still for the radioactive photometer and over a wider 
range. 

But these points remain to be examined in detail by farther experiments. 
The question, too, of the polonium deposit has still to be gone into. For finding 
the integrated intensity of spots a uniform deposit will be necessary. This 
will then be placed very close under an aperture which is larger than the spots 
to be examined. If the active deposit is larger than the aperture aud the 
polonium and carbon tissue are very close to each other, the ionisation effects 
due to the different parts of the spot will be approximately additive. The best 
position of the aperture under the electroscope having been determined for a 
given type of photographic plate aud development, it should then be possible 
to keep this arrangement once and for all for plates of the same make. It is 
hoped to continue this investigation along these lines. 

The intensity of reflection of X-rays from crystals is in general so sensitive 
to changes of interatomic distances that comparatively rough measurements 
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of intensity are very valuable for the determination of these distances. On 
this account especially it is the writer’s hope that the cheap and easily con¬ 
structed apparatus described above will prove of great use to workers whoso 
researches would be aided by intensity measurements, yet who are not in 
a position to acquire one of the usual photometers, which are generally so 
expensive. "WTiatcver the outcome of a further examination of the integrating 
property, the experimental results communicated above clearly demonstrate 
that the radioactivity photometer is capable of yielding very satisfactory 
intensity values when the usual photometric technique is employed, 

Prejmation of the Fihm,^ 

The carbon tissues found so far to give the best results are the ordinary photo¬ 
gravure tissuest manufactured for the printing trade. The tissue is sensitised 
in the morning by immersion in a per cent, aqueous solution of potassium 
dichromate (made j\ist neutral with ammonia) for about 2 minutes, care being 
taken to see that all air bubbles arc removed by means of a camel hair brush. 
The sensitising can be carried out in red, weak electric, or gas light. After 
removal from the sensitising bath the tissue is carefully squeegeed with a flat 
rubber squeegee on to a clean glass plate and placed in a dark oupboard with 
a fan. Drying should be completed in a few hours, in fact prolonged drying 
should be avoided. It needed for ordinary photographic work the sensitive 
films may then be kept in a light-tight box for perhaps a week, but for the 
purposes of photometric measurements they must be used as soon after drying 
as possible—hence the recommendation to sensitise them in the momii^ so 
that they may bo developed in the afternoon. This precaution is necessary 
because after a day or so they commence to become insoluble of themselves, 
without the apparent intervention of light. 

For printing, an actinometer is used, the negative being provided with a 

safe-edge ” of black paper so that a soluble border of about i to | inch is left 
on the print. It is usual to place a rubber pad behind the tissue while it is in 
the printing frame, in order to exclude damp. 

For development, a convenient device has been adopted to ensure complete 
and uniform development and to permit easy stripping of the film when dry. 

* In the pieparation of these films I have been assisted tiiroughout by Mr. H. Smith, of 
the Davy Faraday Laboratory. 

t All the tissues and photographio equipment and materials used in these experiments are 
obtoinable from the Autotype Ck)mpany, 69, New Oxford Street, London. The same 
firm also publishes a small book, A.B.C. Guide to Autotype Carbon Printing,** in whioh 
will be found a complete description of the process* 
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This consists of a rectangle of metal as a back support uud a frame of thin 
metal to act as a border to the print to hold it down on to the back support. 
It is used as follows. The metal border is first covered on one side with ordinary 
single transfer paper, using shellac as the adhesive. The development of the 
exposed tissue is then proceeded with by first placing it in cold water together 
with a piece of temporary transfer paper that has been previously waxed,* 
In a short time it will bo noticed that the tissue begins to curl up ; the moment 
it begins to uncurlt it must be brought face down on to the temporary transfer 
paper, both removed from the water and squeegeed together, firmly but not 
roughly, by aid of a flat rubber squeegee and (say) a piece of plate glass. 1’hia 
whole operation should take some couple of minutes. Aftcir squeegeeing, the 
two adhering papers are placed between blotting paper under a flat weight for 
20 minutes. They arc then placed in warm water at about 40^^ C., when in 
a short time the soluble gelatine will begin to ooze out. When it appears, the 
paper backing of the tissue can be stripped off, leaving the film adhering to the 
waxed transfer paper. This is then placed on the rectJingular metal support, 
covered with the metal border and clipped at the comers, after which develop¬ 
ment with the warm water can be proceeded with without fear of the film 
becoming detached. The appearance of this developing frame is shown in fig. 6. 



• The waxing solution consists of about 3 gm. resin and 1 gm, beeswax disaoWed in some 
100 O.O. of turpentine. See Uterature suppliod by Autotype Company for method of waxing 
tiaiufer papers. The minimum quantity of solution should be used. 
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It is best to have a continuous stream of warm water running into the 
developing dish. For accurat<? intensity mcasun'ments care must be taken to 
see that development is really complete, that is, all the soluble f/ehtine must he 
washed away. The print must be moved about quite vigorously in the flowing 
water until the latter ceases to be discoloured by the pigment. 

After development the frame is undipped and the back support removed. 
The remainder, consisting of the waxed transfer paper and the insoluble 
gelatine film adhering to the single transfer paper that has been shellaced to 
the metal border, is then removed to the electrowiope room and loft till next 
day to dry. It will be found that when the whole is dry the waxed paper can 
b(' easily stripped off, leaving the insoluble film adhering firmly to the metal 
border. The film is then ready for examination with the electroscope. 

The reader is advised to consult the makers* pamphlets for a lull description 
of carbon printing. The above outline has been given only to emphasise certain 
points which are important for the success of these experiments. And the 
most important point of all we have left till the last. It is this. From the 
precision point of view, carbon tissues are quickly spoiled hy damp, fog and the 
fumes that generally occur in the atmosphere of a (Chemical laboratory. For this 
reason they should be used as soon after purchase as possible, being kept in the 
meanwhile in a caleitm chloride desiccator. It is by far the best to do all the 
printing at once while the tissues are fresh, afterwar<lR examining them with 
the electroscope at leisure. 

Though not so often practised as the silver method of printing, the carbon 
process will bo found to be far more fascinating. With a little practice and 
ordinary care, it is very little more troublesome to work with success than the 
commoner process. 


Nummary. 

(1) A simple photometric arrangement is described in which the negative is 
replaced by a carbon print and the measurements are carried out by means of 
a-rays and an a-ray electroscope. This radioactivity photometer has been 
applied to the investigation of the intensity distribution in X-ray crystal photo¬ 
graphs. 

(2) As a preliminary tost the apparatus was used to find the intensity ratio, 
CuKjKfi. In X-ray photographs of the (muscovite) mica cleavage plane it 
was found that, 1st order : 2nd order : 3rd order == 66 : 31 : 100, and that the 
intensity ratio ruK«/K^ is 6*2, when corrected for the absorption of the window 
of^the X-ray tube. 
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(3) A further test with a double-wedge photograph of the 3rd order K, mica 
line gave still more satisfactory intensity values for the seven steps of the 
wedge. 

(4) It is shown how the apparatus may be made to give a curve showing a 
relation between X-ray intensity and a-ray intensity which is very apjiroxi- 
mately linear through the origin. 

(6) The application of this property to the determination of the integrated 
intensity of X-ray spectra is discussed and a method outlined. 

(6) The method of preparation of the rarbon prints for the radioactivity 
photometer is described. 

The above research was carried out in the Davy Faraday Kesearcli Laboratory 
of the Royal Institution, to the Manag(‘rs of which 1 am indebted for ail 
facilities. To Sir William Bragg 1 wish, as always, to express my deep indebted¬ 
ness for his keen interest and encouragement. I owe my polonium deposits to 
the late Mr. Harrison Glew and bis son, Mr. F. Glew, of 156, Clapham Road, 
S.W., and to M. M. Ponte, of the Rcole Nomude Sup^rieimi, Paris. While 
studying the best method of preparing the carbon prints, 1 was assisted through¬ 
out by Mr. H. Smith, of the Davy Faraday Ijaboratory, and for this valuable 
help, which saved me much time, my best thanks are due to him. 
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Further Devel(ypment8 of the Method of Obtaining Strong Magnetic 

Fields. 

By P. KAprTZA. 

(('oimnunicatfMl by Sir E. TJiil horfonl, O.M., P.R.S,—Ri*rpivofl June 11* 1927.) 

Introduction. 

In provions publifationa* the author has described a method of obtaining 
strong magnetic fields, and also several experimental researches using thcae 
methods. 

The general principle of this method is to obtain a field in a coil for a very 
short time only—about 1/100 second—thus making it possible to use a great 
amount of electrical energy without heating up the coil. Powera up to several 
thousand kilowatts are necessary for obtaining strong magnetic fields. Such 
large powers are easily obtained for a 1/100 second by means of specially 
constructed accumulator batteries, which make it possible to obtain fields of 
over 100,000 gauss in a .sufficiently large volume to make investigations on 
such subjects as the Zeeman effect.f 

The success of this method has led to the attempt to obtain fields of an 
order approaching 1,000,000 gauss. A magnetic field of this order requires about 
60,000 kilowatts, and this calls for a source of energy about 50-100 times larger 
than that used in the accumulator experiinont. From the experience gained 
in the previous investigations, it was realised that an accumulator battery would 
not be practicable, firstly, because such a battery is not very lasting, and, 
second, because it would be very difficult to have a sharp break of direct-current 
of such power. A dynamo short-circuited for a small fraction of a second 
appeared to provide a much more convenient source of energy. In this case 
the energy is accumulated as kinetic energy in the rotor of the generator, and is 
converted into electrical power when the machine is short-circuited. It is 
known from electrical engineering experience that it !s possible to obtain large 
impulses of current in this way. 

Bough calculations showed that to give the required power the machine must 
be of such a size as to give about 2,000 kilowatts at continuous rating. This 
indicates the scale of the experiment, and, to cany it out, it was necessary to 

* ‘ Roy, Soo. Proo„* A, vol. 105, p. 691 (1924); * Roy. Soo, Proo„* A, vol. 106, p. 602 
(1924); ' Proc. Gamb. Phil. Soo.,’ vol. 21, p. 611 (1923). 

t Kapitasa and Skinner, 'Roy. Soc. Proo.,’ A, vol. 109, p. 227 (1925). 
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build a special laboratory and to design machinery in a s])eciul manner. In 
this paper it is proposed to give only a brief account of the machinery used, 
avoiding all technical details. At a future date the writer hopes to give a more 
detailed description of the ap]:)aratus and the principles on whuh it is designed. 

The whole problem falls into live parts, viz. 

(1) The generator which supplies the large power. 

(2) The switch which governs the power. 

(5) Tlie timing arrangement. 

(1) The coil. 

(5) The measiircmont of the fiedd. 

Each of these will be dealt with in a separate^ section. 

The Generator. 

An electrical single-phase A.C. generator of the turbo-alternator type was 
(diosen, the main idea being to use half a cycle of the current only. The circuit 
is made when the generator E.M.F. has its zero value ; the current then rises 
and drops again to zero, and at this moment the break is made. This method 
has the following advantages. First, it permits a mac^hinc with a high peripheral 
velocity of the rotor to he used, this type of machine giving the largest powem 
on short circuit, as can be shown quite generally Second, by using A.C. current 
the problem of breaking the power current is made much easier, as the current 
which is broken is many times smaller than the maximum current; thirdly, 
by using a revolving field, sliding bnishes or commutators are avoided. Finally, 
one important advantage remains. In fig. 1 the process of short-circuiting the 



machine is represented, Curve 1 representing the current, and Curve £ the 
electro-motive force. During the first half of the period when the electro¬ 
motive force builds up the current, it has to overcome the ohmic resistance of the 
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circuit and create a magnetic field in tlie coil as well as in the leakage fields of the 
machine. This is done hj taking the energy out of the kinetic energy of the 
rotor which is gradually slowing down. In the second half of the cycle, when 
the voltage is reversed, the current still persists, owing to the electro-magnetic 
energy stored in the coil and in the machine. This energy is partly dissipated 
in heat owing to the ohmic resistance of the circuit, but a large part of it returns 
to the rotor, increasing its kinetic energy. A com|)ari8on with the case of a 
D.C. source of energy, such as the accumulators, where we have to short- 
circuit the coil before breaking the current,* and where the whole of the magnetic 
energy stored in the magnetic field is dissipated in heat, shows that with an A.C. 
generator a largo amount of this energy goes back to the rotor, the heating up 
of the coil being some 10 per cent, to 15 per cent, smaller than in the case of 
accumulators. This makes it possible to obtain stronger magnetic fields with a 
coil of the same volume and for the same time. 

The one difficulty in using A.C. current for our purpose is that the current in 
the coil has a sinusoidal form, j.e., the magnetic field is never constant. But 
in some e^riments, as in work on the Zeeman effect, a constant field is required 
for a certain fraction of a second during which the spark exists in the coiL 

This difficulty can be overcome by a special design of the excitation winding 
of the machine. This is ordinarily designed to give an E.M.F. as close as possible 
to a sine curve, but in our case the winding must be arranged so as to produce a 
current wave with a flat top. To do this the winding is divided into concen¬ 
trated coils, one of half pitch and the other of full pitch, the current in each being 
independently adjusted. These are marked by 1 and 2 respectively in fig. 2, 



* < Koy, Soo, Froo.,’ A, voL 105, p. 700 (1924). 
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and the uliape of the held is given by the curve H. This field will produce the 
electromotive fon-o E, and the current 1 us shown in the same diagram. 

To see that the current curve will have in this case a flat top, we consider 
the general relation 

E = L + HI. (1) 

where L and R are the rc,si«tan(‘c and self-indiietion of tho machine and out- 
aido circuit. Now, if we adjust the electromotive force Eg so that the current 
satisiles the relation 

Io = § C2) 

at the moment a?, then, as can easily be seen from (1), the current will remain 
constant from the moment x to the moment y. In this way it is jHissible 
to obtain a constant magnetic field in the coil for a few thousandths of a second 
(see fig. 11). Closer consideration shows that the power obtained by the 
combination of these two fields is slightly smaller than that obtained when using 
the full pitch winding (2) only, but in most experiments a constant field is 
only needed when the fiehl is weak. If the field is strong, the experiment 
can be performed in a much smaller fraction of a second, during which the 
sinusoidal current, obtained by using the full-pitch winding only, is sufficiently 
constant. 

The general picture of the phenomena which occur in an A.C. generator 
when short-circuited is well discussed in the Electrical Engineering literature,* 
and it is well known that the A.C. type of generator at the first moment of 
short-circuiting gives a very large peak of current which gradually dies out. 

This phenomenon enables us to use a much smaller machine. Our generator 
is designed to have the largest possible value of peak current on short-circuit, 
and herein lies the essential difference between our machine and a commercial 
generator, these latter machines being designed, for reasons of safety, to have 
UH small a ratio of transient short-circuit current to normal current as possible. 
The main principles of the design, therefore, are to have as low an impedance 
os possible and a strong construction to bear the large short-circuit forces. 

The construction of the machine was entrusted to Messrs. Metropolitan 
Vickem, of Manchester, who took a great interest in the work and carried it 
out on the most favourable terms. We are greatly indebted to Engineer M. 
Kostenko, of Petrograd Polytechnical Institute, Prof. Miles Walker, of the 

* C. P. SteinmetK, ** Theory and Gakulatioii of Tranaient Klcotrio Phenomena and 
Oscillations.’* 
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UaivorHity of Manchester, and Engineer G. Kuyser, of Messrs. Metro|)olitan 
Vickers, for help and advice. The success of the design of the machine owes 
much to the wide exjjericnce of these specialists and their kind interest in my 
work. I am chiefly indebted to Prof. Miles Walker, to whom several parts 
in the construction of the machine are due, especially the ingenious design of 
the end (connection of the stator winding in the copper boxt^s. 

The general view of the machine as it is installe<l in the laboratory m shown 
on fig. 3. 



Fi(», 3. 

As has already been mentioned, the machine is of the normal Turbo- 
Alternator type, with the exception that certain jiarts have been strengthened, 
viz., the stator casting, the bolts and the keying-in of the punchings, etc. 
This is necessary, os the machine has a very small impedance, and the electro- 
djrnamical forces developed are of such a value that the matter of strengthening 
these parts is of great importance. The windings, especially the end connec¬ 
tions, have been enclosed in special copper-boxes, which not only reinforce 
them, but also considerably reduce the impedance of the machine. 

The steel rotor is 62*1 cm. in diameter, and bears the full pitch and half- 
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pitch windings. To decrease the impedance a number of dam{>er bars forming 
a Squirrel cage are embedded in the steel of the rotor. The rotor can make 
up to 3,600 revolutions per minute, corresponding to a peripheral velocity of 
96*7 metres per second ; half a cycle is therefore performed in about 1/100 
second. The weight of the rotor is 2^ tons, and its moment of inertia 69-6 
kilograms/metres^. The inertia of the rotor is suflScient of itself to provide 
the necessary amount of kinetic energy, so that no extra fly wlusel is required. 

The stator is made of punchings cut out of single sheets of 8ta11oy iron, and 
these are securely fastened to the steel stator frame. The total weight of the 
machine is about 13 tons. 

As the machine is only run for 16 to 20 minutes during an experiment, there 
are no special ventilation or cooling arrangements. Tliis considerably simpli¬ 
fies the construction and reduces the windage loss. About 80 h.p. is required 
to drive the machine, well over-excited, at full speed. The D.C. motor used 
for spinning up our machine is directly coupled with the rotor and fastened to 
the same bedplate as the generator. 

Both machines and the automatic switch rest on a concrete foundation, 
14 ft. 6 ins. long, 7 ft. wide, 3 ft. deep, and about 30 tons in weight. This 
concrete block rests on a layer of special anti-vibrational material called 
Mascolite, made of felt and cork. Underneath this felt is another concrete 
block about ft. thick, resting on the ground. This arrangement is necessary 
to absorb the shock which would occur during the short-ein-iuting of the 
machine. As the dynamo is further in the ground than any other foundation 
in the building, any shaking of the building is prevented. The use of such a 
heavy foundation and of the anti-vibrational material reduces the shock to 
a very small amount, and in certain ex|)eriment8 even a small shock would 
be very inconvenient. For instance, in taking ^iwctrograms, a very small 
shake of the sjiectrograph would seriously affect the sharpness of the line. 
To avoid this, the coil m which the experiment is performetl is placed about 
20 metres away from the machine, the current being supplied to the coil by 
heavy leads. The disturbance which travels through the ground at a velocity 
of 2,000—3,000 metres per second does not reach the apparatus until after 1/100 
second from the beginning of the short-circuiting, t.e., when the experiment 
is over. The leads from the machine to the coil consist of six cables—three 
in parallel to each pole, the cables being interleaved to reduce the self-induction 
of the rather long connections. As the repulsive forces between the leads 
are very considerable, the cables are securely fastened together by strong 
bionae clamps. The loss in the cables is less than 4 per cent, of the total power. 

VOL. oxv.—A. 2 r 
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The general arrangement for starting and regulating tlie speed is very 
similar to that known by the name of Leonard. Another D.G. generator, 
driven by an ordinary A.C. motor, is used for supplying the current. The 
excitation of both the D.C. driving motor and the D.C. dynamo are supplied 
independently from an accumulator battery. Thus, by means of small rheostats 
in the excitation circuit the nuichine can easily be started and kept at any 
required speed. The use of an accumulator battery for excitation makes the 
whole arrangement extremely stable. 

The currents for the full and half-pitch winding of the rotor of the larger 
generator are independently supplied by two 6 kilowatt 60 volt D.C. 
generators. These two small dynamos arc excited by the same accumulator 
battery. In this way the excitation current in the turbo-generator can be 
adjusted with great accuracy and kept very steady without using heavy 
rheostats. A further advantage of this arrangement is that during the short- 
circ^uiting the {)os&ible large variations in the current both of the driving motor 
and the excitation motor, cannot penetrate into any other laboratory circuit. 

The accumulator battery has a rating of 150 ampere hours and 220 volts 
containing 120 cells. 

Before installation in the laboratory the generator was carefully tested at 
the works. It was first necessary to determine the stresses in different parts 
of the generator produced by the electrodynamical forces which occurred 
during the short-circuiting. As the generator has a very small impedance 
the short-circuit current is much larger than in the usual ty}>e of machine 
and some anxiety was felt as to the safety of some of the more highly-stressed 
parts. An estimate of the magnitude of these forces required a knowledge 
of the leakage fields in the air gap. These were measured by a search coil, 
and it was calculated that the machine would just stand the short-circuiting. 
For the short-circuiting test a simple oil switch was used, which made the 
current at some random moment in the phase, so that it was impossible to 
get the maximum short-circuit current except by chance. ActuaUy, the 
largest amplitude of the current was 72,000 amperes, and the voltage 2,250, 
corresponding to a power of 160,000 kilowatts. From this it was calculated 
that the maximum value of the power of the machine, when short-circuited 
at zero voltage, would be 220,000 kilowatts. In actual work the machine is 
short-circuited on a coil whose impedance is approximately equal to that of 
the machine, so that the total power is only half of the above, and of this one half 
is lost in the machine, the other half going into the coil and producing a magnetic 
field. Thus 55,000 kilowatts are available for the production of a magnetic field. 
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The diange in the velocity of the rotor during the short-circuiting is about 
10 per cent., so that 20 per cent, of the kinetic energy is drawn out. 

The Switch. 

The General Theory of the Switch .—^From the previou.s part of this paper the 
general requirements of the switch are made clear. The time at which the 
current is made is the moment at which the tension is zero (see fig. 1); it 
corresponds, therefore, to a <lefmite position of the rotor relative to the stator. 
The time of the break corres})onds to the moment when the current drops to 0. 
This moment ocrurs when the nitor has moved more than 180°, and it lies 
somewhere between 180° and 3G0°, according to the impedance of the (dreuit. 
If the predominant part of the impedance is the ohmic resistance, zero current 
will occur nearer to 180°, while if the inductance is the predominant part, the 
zero nirrent will occur nearer to 360"". Thus only the approximate range of 
the moment of the break can bo fixed, which varies with the character of 
the load and the sha{)e of the rotor fields, the exact moment being determined 
experimentally each time. 

It follows that the switch must work synchronously with the machine in such 
a way that it makes the (current at a fixed moment, but the breaking of the 
current must be made adjustable within certain limits. Obviously the simplest 
way of iimking the switch work syiu’hromnisly with the generator is to have it 
operated from the shaft of the dynamo. The switch must be designed in 
such a way as to suit the requirements of the break and make. The circuit 
has a large self-induction, so that when contact is made the current rises slowly 
and the exact time of contact is of no great imfiortance. From previous 
experience with the accumulator it has been found that it is quite easy to 
make this time so short tliat no heat is generated in the brushes of the switch 
during the make. 

The conditions of the break are much more difficjlt. If we break our circuit 
very quickly, exactly at the moment when the current is 0, no arcing will 
occur in theory, but in actual practice it is imiiossible to make an instantaneous 
break at this moment. It can be seen that even in a case where the break is 
3/10,000 second before or after the current is 0, the current may reach a value 
of about 3,000 or 6,000 amperes ; a current which it is both impossible and 
dangerous to break instantaneously. The magnetic energy ^LP stored in 
the dynamo and in the coil has to be dissipated somehow or other, and a 
sudden break without arcing will transform all this energy into potential 
energy charging up the oaimcity of the generator. As this capacity is very 
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8mall the potential will rise to very large valuer), and finally break clown the 
insulation. To avoid this over-tension a condenser is introduced in the circuit 
(luring the moment of the break, a capacity of 50 microfarac^s being sufficient 
for the purpose. 

Fig. 4 shows an oscillogram of the voltage across the break and of the 
current in the main cin-uit. It is essential that the brushes of the switch begin 
to sejtarate (point a) slightly before the moment at which the current drops to 
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zero (point b). On separation, as may be seen by Curve 1, the potential across 
the break rises to the arcing potential, about 60 volts for two copper contacts 
in series, and an arc starts between the brushes. The potential rises slowly as 
the current drops to zero (point b), when the arc is extinguished. As is seen from 
the oscillogram, the time of duration of the arc is about 0*0005 seconds, and 
during such a short interval the heat developed does not damage the brushes of 
the switch in spite of the heavy current. The current then changes its direction, 
discharges the condenser and recharges it in the opposite direction to approxi¬ 
mately double the voltage generated by the machine. These oscillations con* 
tinue till the condenser is switched out of circuit. 

In the interval of time between the points b and c the voltage is below the 
arcing potential so that no arcing occurs. For the successful operation of the 
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switch it is important to cool the cop])er contacts of the break during this 
interval of time, so as to make any subsequent arcing impossible, and for this 
purpose, a strong blast of cold air is introduced between the brushes and 
the plate. The condenser not only prevents over-tension of the machine, 
but also increases the time from 6 to c during which the brusljes of the switch 
may cool. 

The Design of the Switch ,—The above considerations show that it is important 
to have a switcli operating with an accuracy of 3/10,000 second, relative to 
the moment when the current droj)s to zero. In order to ensure this the con¬ 
tacts must Iw* separatee! by 0*5 mm. in 3/10,000 second,such a motion requiring 
an acceleration equal to al>out one thousand times tliat of the gravitational 
field. For instance, if the weight of the contact brushes is about I kilogram, 
a force of at least one ton must be applied very suddenly in 3/10,000 second. 

A (letaile<] account of the calculations and resulting design of the switch 
wouhl take up too much space ; I will only give schematically a description of 
the construction of the switch which has satisfied the above-mentioned 
requirenicfits. 

The general view of the switch is shown in photograpli (fig. 5) and a scheme 
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of operation in fig. 6. The automatic switch is placed on the same founc'a- 
tion aa the generator in such a way that it can be mechanically coupled to the 
generator shaft. By a silent chain (1) a cam (2) is driven from the shaft of the 
dynamo at half the angular velocity of the n^ain rotor. By means of a lever 
this cam (3) pushes the rod (4), which is pressed back to the cam by a strong 
spring (5). The push rod through a link (6) may press, if engaged, on the joint 
of the two vertical links (7) and (8); the link (8) is connected to a vertical rod 
with a copper plate at the end (9), and this copper plate presses on two brushes 
(10) which form the contacts of the main circuit. The process of ojieration 
of the switch is shown schematically on drawing (fig. 6) in successive [>osition8. 
In fig. 6a of this drawing is seen the fjosition of the part* of the switch jast 
before operation. The cam (2) freely rotates as the lever (3) is prevented by 
a trigger (11) from falling down on to the cam. The push link (6) is in a down¬ 
wards position and is not connected with the push rod (4). The links (7) and (8) 
are on the right-hand side and the copper plate (9) is kept well off the brushes (10) 
by the spring (12). Now in order to make the switch oi)erate at the right 
moment, a current is passed through the electro-magnet (13) which pulls down 
the trigger (11). The lever falls down on to the cam shaft and the push rods 
begin to make a reciprocating motion as the lever follows the shfli)e of the 
cam. A current is also sent through the electro-magnet (14) which, by means of 
the link (16), pulls up the push link (6). At the moment when the lever is on 
the deejHJst part of the cam (fig. 6b), the push rods catch in, and in the further 
motion of the cam the links (7) and (8) begin to straighten up and the copper 
plate (9) is pressed on to the brushes (10), and the contact is established (fig. 6c). 
This lasts until the second elevation of the cam comes to the lever (fig. 6 d), 
and this pushes the push rod further on. The links (7) and (8) are tlirown to 
the left-hand side and the copper plate separates from the copper bnish. 
Finally (fig. 6e) the copper plate is well off the copper brush, and as the current 
is broken in the eloctro-magnet (13) the lever (3) is again clamped by means of 
the trigger (11) in such a position that it will not touch the cam. A second 
small switch (16) is underneath the main switch ; the purpose of this small 
switch is to connect the 60 microfarad condenser (17) between the brushes (10) 
after the make is effected. This switch (16) is pulled up by a weaker spring (18) 
and breaks the condenser’s circuit only at the moment when the copper plate 
is well separated from the brushes. In fig. 6 is also shown a nozzle (19), which 
is connected to a reservoir with compressed air (12 atmos.). By an electrically- 
operated valve the reservoir is discharged and a heavy blast of air is produced in 
the air gap of the switch during operation. 
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It has already been tnentioned that only the make has a permanent phase 
relation mth the rotor, the break being adjustable. This is secured by means 
of the cam (2) being made in two parts, one, having the elevation for the 
make, being permanently fixed on the shaft, and the other having the elevation 
for the break, being adjustable within certain limits. 

The main features of the design of the switch are as follows. In the first 
place the switch is not operated by springs, but by forces from the cam which 
may be made much larger than any obtainable from springs of a small mass ; 
secondly, the operation of the switch is strictly synchronous with the motion 
of the rotor; and thirdly, the roller of the lever (3) is engaged witli the cam (2) 
only for a single revolution. A very great pressure may therefore be allowed 
between roller and cam without appreciable wearing in a single engagement, 
large accelerations being thereby attained. The chief difficulty is that largo 
stresses occur from the inertia of the parts themselves. In order to have the 
various links evenly loaded during the moment of the make and the break, 
the shape of the cam must be closely calculated and carefully manufactured. 
It is difficult to keep the safety factor of such a switch above 2^. The switch 
was made of sjrecial high quality steel, and I am indebted to Messrs. Peter 
Hooker, Ltd., for the very careful and precise manner in which its manufacture 
was carried out. The switch works well and gives no trouble during the 
experiments. I hope to give a more detailed description of the method of 
designing this switch later. 

Finally, the successful operation of the switch depends a great deal on the 
amount by which the phase of zero current varies with such factors as the 
change in the resistance of the coil owing to its heating up, and to the slowing 
down of the machine during the moment of the break, these factors varying 
in different experiments with the same coil. Calculation shows that the moment 
of the break shifts by 2°, when the number of revolutions changes by 25 per 
cent., and a similar shift is produced by the change of the resistance due to 
heating up the experimental coil, made of copper, to 60°. The shift is small 
but still appreciable, and when the coil is heated up to 125°, considerable care 
has to be taken in adjusting the moment of the break in accordance with the 
power which is drawn from the generator. 

The Timing. 

Daring the hundredth of a second that the e^qieriment lasts, a number 
of manipulations have to be timed, and special devices ate required for 
the purpose. First of all the relays of the automatic switch have to be 
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operated at the proper time. It is important tliat the relay (13) should release 
the trigger exactly at the moment when the cam has the position of fig. 6 a, 
when it nearly touches the roller on the lever (3), otherwise under the 
pressure of the heavy spring (5) the lever (3) may fall from such a distance that 
it may not only damage but break the cam. The relay (13) has to be set free 
again before the cam makes a full revolution, to trig the lever again. Relay (14) 
and the one which operates the valve on the blast arrangement (19) have to be 
set in motion at the profier time. All these relays are made to 0 |)erate very 
quickly, by keeping them small and by sending through them a power of one or 
two kilowatts. Such a current can be maintained in the relays for only a 
few seconds without over-heating, so that arrangements must l)e made to break 
the current after this time. 

On the other hand in the oscillograph room the photographic plate, on which 
the oscillographic record of the current is taken, has to fall before the images from 
the oscillograph mirrors exactly at the moment when the machine is short- 
circuited. All these operations have to be controlled automatically by a timing 
device. In the present paper we will describe only the general idea underlying 
the timing. 

To start the experiment, a pnsh button switch is pressed and sends a current 
through a relay which releases the falling plate in the oscillograph room. This 
circuit has in series a bnish and a sliding contact wliich is coupled with the 
motion of the cam of the automatic switch, so that the current through the 
relay can only pass when the rotor of the dynamo is in a definite position. 
Thus the photographic plate starts to fall synchronously with the machine. In 
its fall the plate operates a small switch which lets the current into the relays 
of the automatic switch. These relays have again in series sliding contacts 
fixed on the cam of the automatic switch, thus iiermitiing the current to operate 
the switch only when the cam has a definite position. When the plate has 
finished its fall, it operates another switch which breaks the current in all 
the relays. 

Great care has been taken in designing these ti ining devices, as on their proper 
working depends the success of the whole apparatus. As the energy brought 
into play in eacb experiment is very large, an accident might have rather 
aerious consequences. 

To provide against failure of the automatic switch a heavy high-tension oil 
switch of the ordinary remote controlled type is introduced into the circuit 
between the automatic switch and the dynamo. This switch is closed a few 
minutes before the beginning of the experiment and the button operating the 
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automatic switch sends current into the releasing device of the oil switch. 
The switch opens in about one-tenth of a second and sufficient time elapses 
before opening for the experiment to be |)erformed. 

The Coil. 

The Theory .—In my previous experiments with accumulators, the electro¬ 
dynamical forces which occurred in the coil were always marked, but never 
reached such a value as greatly to affect the shape and the rigidity of the coil. 
In the present experiments, where a much larger power is brought into play, 
these forces reach much larger values. When the field inside a copper coil of 
1 cm. inside diameter exceeds 200,000 gauss, these forces reach such a value 
that the coil bursts. The problem of making a sufficiently strong coil to> 
resist magnetic fields above this value was probably the most difficult part 
of the whole experiment, and a great deal of research was necessary to find 
a construction for the coil which would stand the strain. 

The first part of the problem was a theoretical study of the strains produced 
in the coil when a current is flowing, and of how by a proper choice of the 
cross-section of the coil these strain.^ may be reduced and brought to such 
a form that reinforcement of the coil is made easy. The second part of the 
problem was more mechanical, consisting of working out the actual construction 
of the coil and of the reinforcements. 

Let us first deal with the theoretical part of the problem. On fig. 7 is shown 
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the cross section of a circular coil. When a current is flowing, electro¬ 
dynamical forces will act in the body of the coil. The principal forces, shown 
by area A, are radial and tend to increase the diameter of the coil. These are 
the forces which tend to burst the coil. 
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K we reinforce the coil by some kind of bandage placed round it, as shown 
by a dotted line in fig. 7, a surface force, shown by area C, will be produced 
and may prevent the bursting. This arrangement will work within certain 
limits, beyond which the copper will simply flow to the side in the direction of 
the axis of the coil. To prevent the deformation by reinforcement from the 
side is technically very difficult, if not impossible. There is, however, no actual 
need for this side reinforcement, as nature comes to our help by another set 
of electrodynamical forces marked by area B in fig. 7, which act so as to stop 
the copper flowing to the sides. Clearly the problem is reduced to finding 
a coil of such a construction that there is a certain balance between the forces 
A, B, and C. The ideal case would occur if we could reduce all these forces 
to a uniform (hydrostatic) pressure, so that there will be no shearing strain 
in the copper of the coil, and, if the reinforcing ring is made sufl&ciently strong, 
it will keep its shape without any side supports. It may be theoretically 
possible to find a shape of coil satisfying the above-mentioned requirements, 
but such a coil will not be of a square cross-section, and in practice it is very 
difiicult to wind a coil that is not rectangular in section. The next approxi¬ 
mation is to make a coil with a stepped cross-section, in which case it is possible, 
to reduce the shearing stresses in the coil if the proper ratio between the length 
of the coil and the outside and inside diameters is chosen. 

These forces can be calculated and measured in the following way. I^et 
us assume that a current of uniform density I is circulating in the coil (see 
fig. 8), and imagine a coaxial ring placed somewhere in the body of the coil. 
If we choose cylindrical co-ordinate z along the axis of the coil, and r the radius, 
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then we may determine the position of the ring bj z and r. Now, the magnetic 
flux from this coil through the ring is ^ = ISM, where M is the roefflcient of 
mutual induction of the coil and the ring and S is the surface of the cross-section 
of the coil. We may regard ^ and M as continuous functions of: and r. Then 
the two components of the magnetic Held at any point will be p 
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The mechanical force on unit of the volume of the coil in the directions corre¬ 
sponding to r and z will be 
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We see that M is in some respects similar to a potential to the force F. 

At a {X)int with co-ordinates Zg and fg, the copper will be compressed in the 
f direction with a force 


and in the s direction 


F,. = jr f’ rFrfir, 
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where is the radius of the inside surface of the coil with the co-ordinate 
Zg and Zi is the Z co-ordinate of the same surface with the radius fg. The 
integration is easily carried out by means of (5) and (6), giving 


Fr. = ~[M{ro*„)-M(R,*o)] 
and 
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For the copper to be uniformly compressed we must make Fr = F, everywhere 
in the coil. Expressions (9) and (10) show that this can only be obtained if 
the value of M on the inside surface of the coil is constant (M (roZj)=sM (RiSo))- 
But it is easily seen that the surface along which M is constant will coincide 
with the magnetic lines of force. To reduce the forces ever^here U> uniform 
comprmskn, a coil must hum a cross-section of such a shape that the inside 
unsupported surface coincides icith the magnetic lines of force. If the coil is 




Strong Magnetic Fields. 


675 


not this shape, it is easily seen that the maximum shearing forces (N) which 
occur in the coil at the point are 
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From this expression we see that to determine the shearing stress in the coil it is 
sufficimt to know the numerical value of M on the surface of the coil only. 

Expression (11) enables us t^) determine the jioint at which N reaches its 
maximum value, and this is the point at which the coil is most likely to give 
way. For example, in a coil which is not very flat, the point of maximum 
stress is at the corners which touch the reinforcing winding. In stepped coils, 
it lies at the inside corner of the steps. 

To determine the shearing force N we have to calculate M. From the expres¬ 
sions (3) and (4) and the field equation curl H == 47rl, we obtain for M the 
following partial differential equation^ :— 


1 . 1_ 0M . 1 0^M _ fO outside the coil 1 

r 0r ^ ^ r l87r*/S inside the coil/ 


Butterworthf has shown that a solution of this equation c*an be obtained in 
terms of series derived from Bessel functions, and these series w^ere used to 
calculate the coefficients of mutual induction of solid coils. Similar series 
for the mutual inductance of coils of rectangular section end coaxial circles 
have been developed and used to compile tables giving numerical results for 
the different shapes of coils likely to be used in practice. With these tables 
it is possible to investigate the effect of varying the shape of cross-section on 
the maximum shearing stress in the coil. It will probably be difficult to 
design a coil in which the shearing force is absolutely zero, but by a certain 
amount of guess-work ami successive approximation it is possible to obtain 
a coil in which the shearing forces are small for all practical purposes. 

It is easy to measure the coefficient M on the surface of an actual coil by 
means of a ballistic galvanometer. This is done by placing at the point of 
the surface where we wish to measure M, a small coaxial coil mode of a few 
strands of fine wire and connecting it to a ballistic galvanometer. If the 
current in the main coil is suddenly stopped, the throw of the ballistic 
galvanometer is exactly proportional to M. The absolute value of M can easily 
be found from the calibration of the galvanometer by means of a standard 
mutual induction introduced in the circuit in the usual way. 

* Clerk-Maxwell, vol. para. 703. 
t <Phil. Mag./ vol. 20, p. 672 (1916). 
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Finally we have to find the force on the bandage, necessary to make it suffi¬ 
ciently strong. The force which presses the bandage ring out is obtained 
from (9) and is found to be 



Where and B| are the outside and the inside radii of the coil and I is half the 
height of the coil. As both integrals are taken on the surface they can easily 
be calculated from the data from the measurement with the ballistic galvano¬ 
meter or from the tables. 

The Construclioyi of the Coil.- In designing the coil we first choose the cross- 
section and the volume. The cross-section is not only decided by the con¬ 
dition of rigidity, but also by the requirements of the experiment—the degree 
of uniformity of the field and the sjmee in which the field is to be produced. 
The efficiency of the coil has also to be taken into account. The volume of 
the coil is obtained from the rise in temperature which may be allowed in a 
particular set of experiments. The temperature must never rise above 150 
as this is the maximum temperature which the insulation can safely stand. 

It is exceedingly difficult to satisfy all these requirements, and it would 
occupy too much space to describe the various methods by which the solution 
of this problem was attempted. By means of specially calculated tables’** and 
graplis, however, it has been found possible to find a coil which will give the 
reipiired results. 

When the shape has been chosen the reinforcement is easily designed by 
using expression (13). The number of turns is chosen so that the impedance 
of the coil is approximately equal to that of the generator with the cables. 

The cross-section of the strip must not be more than 5 mm. in width, as other¬ 
wise the penetration of the current in 1/100 second will not be complete ; the 
resistance of the coil will therefore increase and the copper will not be uniformly 
compressed. When a coil is properly designed it can be seen that, in spite of the 
fact that forces inside the body reach very large values (several tons per 
square cm.), it is possible to compress the material so uniformly that if, instead 
of copper, we use an alloy of copper with 2 per cent, of cadmium,f which has 
90 i>er cent, of the conductivity of pure copper, and when hardened has about 

* >Tr. J. D. Cockcroft has drawn up special tables for calculating M, and has worked out 
several formulas which are very useful in designing the coils. These will be published at 
a later date. 

t The cadmium copper strip was specially prepared and rolled for us by Messrs. Thomas 
Bolton, to whom we are much indebted. 
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four times its tensile strength, then a coil can be made which will stand well over 
-one million gaass without changing its shape. We may expect, of course, that 
the insulation will give way sooner or later, but at present, in actual practice, 
the chief difficulty arises from another source. 

The coil has to be wound in several layers, so tliat the following phenomena 
occur when the current is passing through the coil. The outside layer of the 
coil first becomes slightly compressed and increases in diameter. The diameter 
of the second layer then experiences a larger increase consisting of its own 
Increase plus the increase of the outside layer. This will result in a slight 
unwinding of each layer proceeding from the outside to the inside and gradually 
accumulating. When the iiisidc layer, which is connected to the other end of 
the lead, is reached, it may unwind by as much as 1 cm., and the conductor 
may then be strained to such an extent that it breaks. About five coils failed 
owing to the middle conductor breaking in this way. 

At first an attempt was made to stop this unwinding by making the coil as 
tight and rigid as possible, the coil and steel reinforcing band being both wound 
under very strong tension. After winiHng, the coil was impregnated under 
pressure with Bakelite varnish and baked, according to the usiial Bakelising 
practice. In this way all the gaps inside the coil were filled with solid Bakelite. 
As a result of this process the unwinding did not occur until higher fields w'ere 
reached, but it was still impossible to make a coil which would stand a magnetic 
field of more than 230-260 thousand gauss. This means that the forces which 
are brought into play in the coil when the current is flowing are so much larger 
than those which are applied during the winding process, that it is impossible 
to make a rigid coil. The only way in which it is possible to make a coil which 
will stand the strong magnetic field is consequently to allow the unwinding 
to go on without breaking the winding. This invol/es introducing a slipping 
contact in some place in the winding. It is rather an unusual technical con¬ 
struction to make a small slipping contact to stand a current of 30,000 amperes, 
but as the current is only passed through this contact for a very short time it 
appeared to be possible. The drawing in fig. 9 shows a coil with such a slipping 
contact, which is now used in the experiments. The winding (1) is a cadmium 
copper strip and starts from a manganese bronze cose (2) to which it is soldered. 
The winding is made in four layers, and to the last turn of the winding is soldered 
a copper ring (3) with a small slot which forma the end of the winding. Inside 
the coil is placed a cadmium copper cylinder (4) with a helical cut in the middle 
which forms the inside turn of the winding. The left end of this cylinder 
has one long slot which joins the helical cut, and many shorter axial cuts. It 
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fits the ring (3) and is pressed to the side of the ring by means of a conical 
fibre bush (5). This arrangement makes the sliding contact. The ring (3), 

I 



Fio. 0. 

connected to the last turn of the coil, is made to slip on the end of the cylinder 
(4), and thus no stress is produced in the strip. On the other end of the 
cylinder is an exactly similar arrangement with a ring (6) fastened to a phosphor 
bronze plate (7) which forms the other lead of the coil. The coil is reinforced 
from outside by a steel band (8) which is tightly wound on the bronze case 
(2). The steel used is of a high quality and is hardened and tempered. The 
forces which attempt to burst the steel ring are large, and reach, for instance, 
the value of 100 tons when the field inside the coil is about 400 kilogauss. 

Special care is taken with the sliding contact arrangement, since it might 
happen that when the ring (3) moves it would get short-circuited. This is 
prevented by packing some insulation over the slot in the sliding contact. 
Special care is also taken with plate (7), as the current is flowing along it in 
the outside field produced by the coil and the electro-d}rnamical forces on this 
plate may reach a very high value; the plate is therefore made sufficiently 
thick, and is well bolted. 

This coil has at present stood successfully up to 320 kilogauss without any 
sign of damage. The first time this field was obtained the ring (4) of the sliding 
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contact moved by about 5 mm., but on rejjetition of the experiment no motion 
was observed. Theoretically, it can stand a much larger strain, corresponding 
to a larger field. The quastion as to what will hap])en to the insulation remains 
open. That used m the coil is leatheroid and mica, and the coil is well imjirog- 
nated with Bakelite and is baked. Will it stand greater pressure ? For¬ 
tunately there are indications that good insulation in the coil is not necessary, 
as the magnetic field, which penetrates the coil, prevents any arcing in the body 
of the coil. 

The Method of Mavturing the FieUL 

To determine the field in my previous experiments the current tbrough the 
coil was measure*I by means of an oscillograph, and knowing the coiishiiit of 
the coil it was easy to calculate the magnetic fiehl. It is possible to calculat*^ 
the constant of the coil, but as the coils are not particularly accurately wonn*l, 
direct exix*rimental methods of (let<‘rmining the constant have been worked 
out.* These methods cannot be used in my present experiment as a steel band 
is placed round the coil. This stod band may have a marked influence on the 
determination of the const^int of the coil when a small current is used. With the 
larger current which is passing in our experiment tlu‘ steel ban*i is very soon 
saturated and contributi*s a constant value to tlie magnetic field inside! the coil. 
These coiLsiderations led to the development of a metho*l wheniby strong 
magnetic fields can be mejisured directly. The standard method of a search 
coil connected to a ballistic galvanometer was adopted for our purjjose. The 
flifficulty in the application of this method lies in the fact that if we simply 
introduce a search coil in the maguelic fiehl, the total change of the flux during 
the experiment will be zero, and no deflection will occur. To adapt this methoil 
for our purpose a special automatic switch is arranged so that it short-circuits 
the search coil which is connected to the ballistic galvanometer. Thus, the 
current induced in the search coil does not flow in the ballistic galvanometer, 
but when, somewhere m the midi He of the current wave, the break opens the 
circuit, the induced current is thrown into the ballistic galvanometer. 
Obviously, the deflection of the ballistic galvanometer will bo pro|)ortional to 
tho magnetic flux which penetrate the search coil at the inoiucnt when the 
circuit is broken. By means of automatic timing devices a little switch can be 
made to' 0])erate at any chosen moment of the current wave. To mark the 
moment of ojieration a small sliutter is connected to the switch, so arranged that 
it blots out the light wdiich falls on the oscillograph exa<*tly at tho moment when 

* Mloy. Soo. Proc.,’ A, vol. 105. p. 707 (1024); • Jloy. Soo. Proc.,* A, vol. 100, p. 202 
(1926). 
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the circuit of the search coil is broken. In hg. 10 an oscillogram of a current 
curve is gi\en on which such marks produced by the shutter can be seen on the 
top of the current wave. The search coil used in this experiment was wound on 
a well-ground glass cylinder, 6 mm. in diameter, and consisted of 19 turns of 
closely-wound enamelled wire, gauge 44. The effective area of this coil was 
calculated from direct measurement by a micrometer. The ballistic galvano¬ 
meter was calibrated by means of a standard mutual inductance, permanently 
introduced into the circuit. The calibration was done by a standard ammeter. 
The current ascillograph was calibrated by means of the same ammeter; 
in this way the constant of the coil was determined relative to the absolute value 
of the mutual inductance, independently of the absolute accuracy of the 
ammeter. 

Great care was tfiken to use such a biiilar arrangement of the leads connecting 
the search coil with the ballistic galvanometer that no E.M.P. was induced in 
the circuit from those leads. 

A control exjieriment was made in which the coil was short-circuite<] during 
the whole experiment; no deflection of the galvanometer was obtained, 
showing that no E.M.F. was induced in the connecting leads between the coil 
and the ballistic galvanometer. The current in the large coil was measured 
by an oscillograph connected to a shunt, in the usual way, as ilescnbed in the 
previous pajxsr.* 

From a series of experiments carried out with various field strengths ranging 
from 46 to 250 kilogauss, it was found that the steel ring gives a constant 
contribution of about 3,800 gauss, the steel ring bidng well saturated >vhen the 
field inside the coil is below 46,000 gauss. Thus, to determine the field inside 

I" .f I 
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* • Boy. Soo. Proo.,* A, vol. 106, p. 701 (1024). 
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the coil it is necassary to multiply the current taken from the oscillogram by the 
constant of the coil (the coil shown In fig. 9 has a constfint of 23*2) and to the 
value obtained ad(i 3,8(K) gauss. In fig. 10 the current at the moment marked 
reached the value of 10,760 amperes, and the field inside the coil was 253*7 
kilogauss Agreement between different readings was within 1 per cent, 
which is (piite sufficient for our present research. There arc, however, no 
obvious reasons why the accuracy cannot be imTcased, if necessary. 

The Eepenm^nfs. 

From this general dcs(iripiion it can be seen that practically all the apparatus 
has to be specially made and designed for our experiment. During the experi¬ 
ment three men at least are required for the manipulation of this apparatus :— 
one watching the machine and the switch, one attending to the oscillograph, 
and another adjusting the speed and the excitation of the generator, operating 
the switches and manipulating all the buttons. By means of electrical signals 
each one of the workers announces that he is ready and then the button is 
pressed and all the cxi^eriraent is done automatically. It took some time to 
make the various arrangements work smoothly and reliably. 

It must be remembered that the power brought into play in each experiment 
is very largo. For instance, the energy released in a single experiment approaches 
that of H field gun. The amount of the energy involved in an exjxiriment is 
very easily felt from the explosions which occur when the coils burst. Great 
care must be taken to avoid accidents. 

Both forms of the current wave have been used in the cxjierimcnto. The 
first is approximately sinusoidal and has been shown in fig. 10. The seconil, 
shown iu lig. 11, has a flat top and is obtained by using the two excitation 
wintlings. From both these osdUograms it will be seen that ripples are present 
in the current wave, these being produced by the teeth anil slots of the machine. 
The amplitude of these ripxiles diiuinishes with increasing saturation as can be 
seen from the fact that tlie ripples arc smaller in oscillogram 10 where the flux 
density is higher than in oscillogram 11. In the present experiment these 
ripples are of no imjiortance, but if required they can be eliminated by the use 
of condensers. 

In oscillogram 11 the time scale is introduced by means of a synchronous 
motor and intemipter in the light beam. The potential across the break is shown 
on both oscillograms by a separate curve. 

At present, using the coil described in one of the previous paragraphs, and 
shown on fig. 9, the maximum fields obtained were 320 kilogauss, and in this 

2 z 2 
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COSO the machine was run at 1,600 r.p.m., about half its maximum spe(s(l, only 
about one fifth of the available jiowor Ixmig used. By using the full iK)wer we 
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may ex|)ect to obtain fields up to 700,000 gauss with the coil; and, if we dimi¬ 
nish the inside opening of the coil from one cm. to half cm., still leaving suffi 
cient space for several experiments, it is hoped to obtain fields up to 900 kilogauss. 
The present coil shows no sign of giving way, although many heavy discharges 
have passed through it, but as the force inside the coil reaches a value for which 
no experimental data exists, it is very difiicult to be certain when the limit of 
the coil will be reached. The power at present used is ten times larger and the 
fields three times greater than was used in my experiments with the accumulators, 
48 we advam'e further, still larger powers must be used; this will involve 
b{)ecial precautions in experimenting, gradually increasing the power step 
Vy step. So far cx[)Griments have been confined to magnetic fields not 
greater than 350,000 gaass. Experiments have just been made on the change 
of resistance of bismuth in magnetic fields up to this limit. In a field of about 
300,000 gauss, at a temperature of liquid air the resistance of bismuth increases 
1000 times, and 60 times at a normal temperatun*. These changes of resist¬ 
ance are easily observed by oscillographic methods, and it is hoped to publish 
a paper on this subject shortly. 


In order to carry out these experiments, a special Laboratory haa been 
arranged and a set of machines of special design have been constructed. This 
work has only been possible by the continued support of the Department of 
Scientific and Industrial Research, who have tlefrayed the whole cost of the 
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instHllation and of the px[)prlnw'nts. We an* much inilcbted al«o to Sir William 
Pope for providing an ailmirahle Tiaborntorv in which to carry out the 
exjKirimentH. 

In the design and inst!ill.itnin of the apfsinilus, many dilli( nil twhnical and 
practical problems were encountered, and the Micccssful accomplishment 
of the work owes much to the heljj so freely affordeil to mi* by many scientific 
men and by the firms who c«)astruct<!d the apparatus. In addition to those 
already mentioned, T am especially indebted for the advice and help given by 
Mr. H. T. Tizard, Mr. F. 15. Smith, Mr. II. J. Thomson, Mr. A. P. M. Fleming, 
Mr. G. McKerniw, and many others. 

My personal thanks are due to Mr. ,T. D. Cockcroft for much valuable help 
given me in testing and installing the large gcuierator and in sjiecial caleulations 
on the maoJiine and coil, and to Mr. K. Laurmann for his tussistance in the con¬ 
duct of the experiments and in the (h'sign of special apparatus. 

I would moat particularly like to thank Sir Ernest Rutherford for his 
help and for the very keen interest ho has shown during the whole course of 
the work, and for his appreciation and sH])j)ort of the ideas involved. 

Summary. 

A further tlevelopment of the method for obtaining strong fields for n short, 
time is di'scribed. This development is obtained by the use of larger powers. 

A dynamo and the switch art* described, which give very large impulses of 
current. 

Coils able to stand strong magnetic fields arc described, and with these 
coils magnetic fields u]) to 320,000 gauss in a volume of 2 c.cm. were obtainetl. 

The tliroct method of measuring magnetic fields of short duration with 
ballistic galvanometers is given. 
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By A. Caress and E. K. Biubal. 

(Cominunioated by T. M. Lowry, F.R.S.—Received April 29,1927.) 

Introduction. 

Although the chemical reactions of active molecules have been used to fix 
their critical potentials, little attention has been paid to the converse process 
of analysing the mecliauisin of a reaction by studying the rates of reaction 
of molecules activated to the energy-levels already known from phirsical 
measurements. The method is analogous to photochemistry,'** with the advan¬ 
tages that a stream of electrons with a nearly uniform velocity is easier to 
obtain than quasi-monochromatic light, and that the mechanism is a more 
general one. The following is an account of ex^ierimcnts on the rate of 
production of ammonia from nitrogen and hydrogen as a function of the energy 
of thermions used to activate molecules and atoms. No attempt was made to 
measure the critical energy increments with great exactness, since that can be 
accomplished more easily by physical meansf; the object in the present cose 
was to recognise the critical potentials of significance in the reaction. 

Previous Work. 

Heidemann;^ described the production of ammonia even at the lowest voltages, 
but subsequent work by Andersen§ and Storch and Olson] | did not confirm 
this. They detected no combination until the molecular ionisation potential 
of N 2 (circa 17 V) was reached, after which the reaction rate increased abruptly 
every 4-7 V. The mechanism proposed was that H**" and appearing 
at 16 V and 17 V respecdiively gave H and N atoms on collision, and that 
increased combination was due to the activation of H by 4 V electrons. Later 
Kwei^ found that the NH 3 band spectrum was not excited in hydrogen and 
nitrogen mixtures until 23 Y was reached. This voltage corresponds to the 

* We might suggest kineleotron chemistry, or rimply klneto-ohemistry, since «-particIes 
are also used (Lind). 

t See Compton end Mohler for a useful summary. ‘ Natinnol Research Council Bulletin.' 
vol. 48 (September, 1924). 

t ‘ Chem. Z..’ vol. 46, p. 1073 (1921). 

§ ‘ Z. f. Physik,’ vol. 10, p. 64 (1923). ■ 

II • J. Am. Chem. Soo.,* vol. 46. p. 1005 (1923). 

f ' Pbys. Rev.,’ vol. 26. p. 637 (1926). 
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second jump in Storch and Olson’s curve. In a subsequent note, Olson* 
explained the failure of Kwei to detect ammonia at 17 Y by postulating that 
must be present for the spectrum to appear. Thus at 17 V the reactions 
were considered to b<! Ng**' + e —► N'j, N'a + Nj —Ng + 2N, the nitrogen 
atoms then combining with or H produced by the reaction 

N 2 + H 2 —► 2N + 2II; while at 23 V the voltage at which begins to 
appear, is obtained in the same w^y. 

It may be noted that— 

(1) The question of whether ammonia can be pro<iace<l under any circum¬ 
stances below IG'l? V, where arc; formation begins, was left undecided. 

(2) Storch ami Olson used a diode with a tungsten filament ns source of 
electrons. The two (^hief disadvaniages of this arrangement are (a) Below the 
first ionising potential most of the drop in potential is near the anode. Hence 
electrons which collide before reaching the anode have much h»ss energy than 
that corresponding to the applied voltage. If the pressure is such that the 
mean free path of the electrons between effective collisions is much greater than 
the distance between electrodes, the amount of activation is again lessened. 
There is thus only a small range of pressure in which activation can take place 
on a scale to produce a measurable reaction rate. (&) When an arc has actually 
been set up owing to the neutralisation of the negative space charge by positive 
ions, there are at least two complications of importance. First, oiiving to the 
lower mobility of the positive ions, the potential curve may have a maximum, 
with the result that electrons fall through a potential larger than the applied 
voltage. Again according to Comptonf the primary quality of an arc is the 
presence of positive ions. But in addition electrons whi('h have lost their 
energy fall back into the arc producing a high rate of recombination and intense 
radiation; these secondary properties of the arc may profoundly modify the 
reaction. 

(3) Storch and Olson noticed a higher rate of combination with thinner 
filaments and suggested that this was due to the decomposition of ammonia 
by the filament. The much more likely explanation, that hydrogen atoms, 
formed by thermal dissociation of molecular hydrogen at the filament, also 
contribute to the reaction, is discussed below. 


* ‘ J. Am. Chem. Soo./ vol. 48, p. 1208 (1926). 
t ‘ Phys. Rev,,* vol. 21, p. 207 (1923). 
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Experimental. 

The apparatus employed is shown diagrammatically in fig. 1. A triode was 
used and the accelerating potential was applied between the grid and the 



Fio. 1.—On the left is a sketch of the triodo shown again on the right with the electrical 
connections (simplified). F filament, Q = grid, P — plate, V == voltmeters, 
A ammeter, R -= radiopotentiometers, M.A. = mioroammeter, VAf' — to mercury 
difiuaion pumps, drying tubes, and Hyvac oil pump. 

junction of two high resistances (circa 1000 il) in parallel with the filament, 
which was heated hy accumulators in series with two rheostats in parallel. The 
high resistances were adjusted in preliminary experiments so as to bo at the 
same potential as the centre of the filament by the Wheatstone bridge method. 
A small potential (< 0*2 V) was applied between grid and plate to collect stray 
electrons. Pine adjustment of both accelerating potentials was secured by 
tapping oil from radiopotentiometers across a single cell. The switch made 
it possible to read either the total emission or the grid-anode current. By means 
of Sj the grid-anode i>oteiitial could be reversed. By a further switch (not 
shown) the heating current could be passed through both filament and grid- 
wire in baking out. 

Tubes of many types were made up and used in preliminary experiments; 
the design finally adopted is shown in the figure. The reaction vessel consisted 
of a cylindrical bulb just large enough to contain the platinum or nickel cylinder 
anode, capable of total immersion in liquid air. The long narrow tube loading 
from the bulb to the ground joint served the double purpose of keeping the 
joint, which had to be lightly greased and mercury-sealed, at a distance from the 
bulb and of reducing to a minimum the error due to change of liquid air level. 
The filament and grid were removable by means of the ground-joint. Two 
tub^ were employed, in each case the tungsten filament of diameter 0*2 mm. 
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and 30 nun. long was strt'tclu'd l>etween oithcr a spiral molybdenum wire 
grid of spiral ratlius 5*5 nmi. or a perforated nickel cylinder of radius 3 mm. 
and holes 1 mm. wide. The anode m the former ciusc was a platinum cylinder 
of radius 16 mm. and 4f) mm. long, and in the latter a nickel cylinder 21 mm. 
radius and 40 mm. long. 

Procedure, 

The separate gases were bubbled through sulphuric acifl an<l passed over 
red hot copper mixed with palladium and then through ])h()Mphoric anhydriile 
drying tulxw. Mixing was elfecied in burettc»s over mercury at atmospheric 
pressure. Samples of the 2 Jurc gases and various mixtures were then kej>t in 
bulbs lined with phosphoric anliydride from which they could be j)um]Kul through 
the apparatus by way of a mercury-vaj)Our trap kept in liquid air. A further 
trap, separated by stoj)cocka from the reaction vessel and McLeod gauge on one 
side and the pumping system on the other, was used for carrying out Nessler 
te^ts on the reac^tion jiroducts. After an experiment the Ncssler tube was kept 
in liquid air and the gases [)umj)od through it. The tube was then isolated and 
Neaaler solution was run in as the tube warmed up. Ammonia was detected 
by the appearance of an orange colour at the bottom of the inlet tube, where the 
gas met the solution. After eacli test, the narrow tube at the bottom of the 
trap was broken and the tube was washed out with wat(»r, alcohol, ether, dry 
air and finally dried in a flame. 

Between runs the reaction vessel was heau*d in a furnace to about 
and exhausted, the filament being raised to a temperature much higher than 
those used in experiments, and a high potential being applied between filament 
and grid and between grid and anode. The baking wa.s continued for a period of 
from one to six hours and lead tubeJi were dried as far as possible by a flame. 
After this the filament could be kept lit at experimental temperatures without 
increase of pnjssuro, so long as the tube was surrounded by liquid air. 

During runs, liquid air was kept at a constant level round the trap and also 
round the reaction vessel, the level being above the constriction in the tube. 
By means of a turn-table and a float with a glass pointer kept at a mark in 
a fixed tube, the level was kejit constant to a few millimetres. This was found 
to be necessary, since molecular hydrogen and nitrogen are adsorbed on surfaces 
at liquid air temperatures, and the rate at which hydrogen atoms and ammonia 
are frozen out is also fairly sensitive to liquid-air level. 

Before beginning readings, it was always necessary to wait until, first, the 
adsorption of gases had come to equilibrium, and, finally, temperature equili¬ 
brium was attained with the filament lit. 
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Results. 

In preliminary experiments, the procedure of Storch and Olson was adopted, 
with the modification that a grid was introduced. 

A mixture of 75 per cent. H 2 and 25 per cent. Ng having been pumped in 
to a convenient pressure, the emission was kept constant by slight variations 
of the heating current, and the rate of pressure fall was read on the McJjeod 
gauge for various voltages, and finally with no applied voltage. After baking 
out, a new specimen of the same mixture was introduced and the experiment 
repeated. 

The general results of numerous experiments^ of this type were— (a) At the 
emission used, a high rate of pressure decrease (nearly half the maximum) was 
observed with no applied voltage. (6) All the ex|)eriments showed abrupt 
increases of rate at about 13 V and 17 V. (c) No further iumjw were observed 
up to 50 V; in fact, in some experiments, the rate decreased after 26 V. In 
general, the results obtained by tliis method were not repeatable with sufiicient 
accuracy to detect jumps other than the two nientioned. The pressure drop, 
with no applied voltage, was surprising, although confirming Heidemann's 
results. Since it was not observed by subsequent workers, a critical examination 
was necessary. The possible explanations are :— 

The presence of oxygen or gases from the tap^grease as impurities. A tube 
was made up without a ground-joint, and no appreciable difference was observed 
in the effects. This ruled out impurities with the exception of oxygen. The 
gases were therefore subjected to a further purification by keeping them for 
some time in a vessel containing a long coil of glowing tungsten wire. They 
were passed through phosphoric anhydride drying tubes and a liquid-air trap 
directly into the reaction vessel. Leaks were also very carefully tested for. 
These precautions made no difference. 

Again, the effect might be due to freezing out of activated hydrogen or 
nitrogen or both, Storch and Olson found that their blank tests with the pure 
gases gave negligible rates of fall of pressure. On the other hand, Hughes,* 
using an oxide-coated platinum emitter, found that hydrogen and nitrogen 
were frozen out in liquid air after collision with electrons. In hydrogen, the 
effect began at 13 V. Hughes regarded the “ clean-up ” as due to the formation 
and adsorption of atoms; the rates were low, the collision efficiencies being 
about 0*06 at 25 Y and 0*1 at 50 V in hydrogen, and 0*02 at 26 V and 0*06 
at 25 V in nitrogen. 


♦ ‘ Phil. Mag.,’ vol. 41, p. 778 (1921). 
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The thirtl possibility is that there is an ac^tual synthesis of ammonia. In 
order to test this point, experiments were carried out with no applied voltage 
with the mixture and the pure gases. The tests used for hydrogen atoms 
were (1) the pressure went back to its initial value on removing the liquid air; 
(2) there was no decrease beyond the cooling effect on replacing the liquid air. 
The teats for ammonia w«*re (1) Nessler; (2) the production of a permanent 
decrease approximately half the observed decrease, due to the halving of the 
number of molecules in the reaction + Ng == 2NH;,; (3) the ammonia 
could be frozen again on replacing the liquid air. 

Ex'perhnmts with no Applied Voltage. 

Nitrogen .—^The rate of fall of pressure under the conditions stated was 
small enough to be negligible even up to 50 V. 

Hydrogen.—N large decrease in pressure was observed which did not increase 
very markedly on applying })otentials up to 60 V. As the effect might possibly 
be due to electrons leaving the filament with a high velocity, retanling potentials 
up to 16 V were applied. Two of the pressure-time curves are shown in fig. 2. 
All the tests for hydrogen atoms gave positive results. 



Via, 2.—fteaBuni deoteases with retarding potentials. The highest curve (co-ordinates 
top, right) is for a N| + 3Ht mixture. The others (oo-ordinates bottom, loft) are 
for hydrogen: (a) oirules, p, = 0*031 mm.; (6) crosses, pg ^ 0*060 mm. 
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JHIa + Ng Mixtures. 

Continuous flecroases of pressure were obtained even when retarding poten¬ 
tials were applied. A speeimen run is shown in fig. 2. All the teats for ammonia 
were p)sitive. 

We may observe that the small elToet with nitrogen is in agreement with 
Storoh and Olson and Hughi^s, whilst the proiluetion of hyilrogen atoms can 
only be due to dissociation either at the filament or at the electrodes or both. 
Evidence is given below that dissociation at the electrodes, if it occurs at all, 
is not the primary effect. As regards dissociation at the filament, Langmuir* 
has shown tliat hydrogen molecules are dissociated by tungsten at temperntures 
above about 1,300°. Rough measurements showed that the temperatures 
used wert^ higher than this. On the other hand it was impossible to get workable 
emissions below 17 V without exceeding this temperatum. Ri^garding tlie 
reaction without an arc as due to hydrogen atoms, the divergence between the 
results of Heidernann and later workers is thus explained. Starting with 
an arc at the lowest temperature which gives a suitable reaction rate and 
decreasing the potential to below 17 V, the emission becomes very small and the 
reaction goes very slowly. On the other hand, if the temj)erature is raised to 
keep the emission constant, hydrogen atoms are produced in abundance and 
a new mechanism is called forth. 

Reference te fig. 2 will show that the decrease in pressure due to the hydrogen 
atoias decreases exponentially to zero at a pressure Plotting log 
against t gave good straight lines as shown in the gra])h. Hence, approximately 

log {p - «„) — + const, whence by differentiation — ^ — i(p — 

at 

showing that the rate of decrease of pressure is proportional to the <iifference 
bc^tween the pressure and the final prei«sure. This difference is itself proportional 
to the area of surface not covered by hydrogen atoms, so that it is ))ermiBsibIe to 
assume that the controlling factor in this case is the surface available for accom¬ 
modating hydrogen atoms. 

To test this point further, between two runs the gas was merely pumped 
away without baking out or removing liquid air. The result is shown in the^ 
second curve, fig. 3. The initial pressure was the same, but po found 
to bi* about double, thus indicating a diminution in the area available for 
accommodation of hydrogen atoms due to incomplete removal of those formed 
in the previous run. 

• ‘ J. Am. Chem. Soc.,’ vol. p. 1,708 (1914); vol. 97, p. 417 (1910); vol. 98, p. 1,145 
(1910), etc. 
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The reactions in the hycirogen nitrogen mixture show no such saturation 
I)re»sure; in fact, the reaction went on until nearly all the mixture waa used up. 
With mixtures containing more nitrogen, the nitrogen in excess of that required 
for the ammonia synthesis always remained. The curves are only slightly 
convex to the time-axis, indicating that saturation is ])revenU*<l by reaction 
with nitrogen to form ammonia. There was formerly a conflict of opinion as to 
whether normal hydrogen atc)ms can react with nornuil nitrogen molctnihis, 
Bonhoeffer* and Marshall and Taylorl found no reatition, but IlirstJ detected 
N 2 ff 4 and NH 3 in presence of a mercury surface. Further Willey an<t Rideal§ 
found that active hydrogen produced by Wood’s method (generally supposed 
to consist of atoms) from a discharge tube combined with N 2 . 

In view of this divergence between well-established cxpi'riraental data, the* 
next step was to determine the effect of the nickel or platinum electnides on 
the reaction. 

Experiments mt/ioul an Anode, 

A tube was made up containing only a tungstim filament and molybdenum 
wire grid. Up to 12 V only hydrogen atoms were frozen out All the tests 
for hydrogen atoms were positive, tests for ammonia gav (5 negative results. 
At 14 V reaction undoubtedly occurred os evidenced by the dropping of jiressure 
until all the hydrogen and the requisite quantity of nitrogen were used up, 
and the other tests, including Nessler'a reagent, mentioned above. A rise in 
the rate of reaction was also observed at 17 V, but extended results could not be 
obtained with this tube since there was no anode to collect the electrons, which 
tend to charge up the glass walls, and the emission could only be controlled by 
the grid leak. A composite run is shown in fig. 3 and for comparison a run with 
pure hydrogen under as nearly as possible identical conditions. 

Experiments wUh an Oxide Emitter, 

There was still the possibility that the 13 V point might be a critital ]M)tciitial 
of Hj and not of H as the foregoing results lend to show. Since th(^sc cxj)eriments 
were carried out it was stated in a paper by Glocklcr, Baxter ami Dalton,|l that 
H 2 molecules, activated by 13 V electrons, reduced copper oxide, but there is 

« * Z, Elektroohem.,’ vol. 31, p. 521 (1925). 

t ' J. Phya. Chem.,’ vol. 23, p. 1,140 (1926). 

t ‘Proo. Camb. Fbil. Soo.,’ vol. 23, p. 152 (1920). See also 'Natoiv.’ vol. 117, p. 626 
(1926). 

§ ' J. Ohem. Soo.,’ p. 669 (Maroh, 1927). 

II * J. Am. Chem. Soc.,* p. 58 (January, 1927). 
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little doubt that this is not one of the possible mechanisms of the ammonia 
synthesis, as the following experiments show. 

An oxide emitter was made by depositing a bead of mixed SrO and BaO on 
a small loop of platinum. It was hoped that this woul<l stand up in hydrogen 
and nitrogen since Hughes used an oxide emitter in his work on atom production. 
The results obtained are shown for convenience alongside the Anal results in 
fig. 5. No trace of ammonia was detected below 17 V and the rates of " clean-up 
below 17 V were very small. Reaction commenced at 17 V and rase abruptly 
at 23 V and again at 27-28 V. At 28 V, however, the presence of water was 
detected by the McLeod gauge, and a blank ex|ierimeni with hydrogen gave 
a very small pressure reduction until 28 V was reached, when a reaction rate 
of about the same magnitude as that in the mixed gas was observed. This point 
was also associated with violent arcing, so that it is evident that ions, 
known to be produced at this voltage, reduce BaO and SrO. 

Attempts to effect complete reduction of the oxides to the metals and to use 
these as emitters were unsuccessful. It was therefore decided to use tungsten 
for examining the reaction as a whole. The oxide emitter had its use, how¬ 
ever, since it demonstrated that the hot wire reaction in the presence of the 
metallic anodes and the 13 V reaction do not proceed without hydrogen atoms. 

These results demonstrate conclusively that combination to form ammonia 
takes place between H atoms and N 2 molecules both in the presence of the nickel 
and platinum anodes and in the presence of 13 V electrons. 

Further ExperiinerUs with a Tungsten Emitter. 

Since there are two processes above 17 V, one beginning with molecular ions 
and the other with H atoms, in order to obtain repeatable results it was necessary 
to consider the H atom concentration, depending on the temperature, as well 
as the emission. It might be thought that the two effects could be separated ; 
for example at 13 V for different temperatures the electronic reaction was found 
to bo proportional to the surface action for a given emission (since both are 
proportional to the hydrogen atom concentration), at 17 V one would therefore 
expect the reaction to be the sum of a constant depending on emission alone 
and a reaction proportional to the surface action, depending on hydrogen 
atoms. The two pFocesses are not, however, additive since they are bound to 
interfere. The obvious method of attack was to make each process prepon¬ 
derate in turn. 

It was found that more nearly consistent rates at a given voltage could be 
obtained if the surface reaction was kept the same. The ejq^lanation of the 
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decrease in rate above 25 V mentioned on p. 688 was now clear. As the potential 
was raised the tomiMjrature had to be lowered to keep the emission constant; 
the reaction due to atoms was thus lessened and with it the surface reaction. 

To obtain increased accuracy, it was also necessary to follow the course of 
the reaction at constant voltage, introducing the same mixture for the next 
voltage and so on. When a filament had to be replaced, a thorough baking-out 
was necessary until the filament had thinned to such $n extent as to give the 
same reaction for one of the voltages already examined. Otherwise, between 
runs, a short baking was sufficient. In onler to minimise the atom reaction, 
it was necessary to obtain workable emissions at low temperatures. To make 
the reaction with hydrogen atoms preponderate over the reaction between 
molecular ions, it was necessary to use higher temperatures and small emissions. 

For both classes of experiment, a tube was used with a tungsten filament 
of length 20 mm., in the axis of a cylindrical nickel anode of diameter 48 mm., 
length 50 mm., and a spiral grid of molybdenum wire of diameter 0*2 mm. 
The difference was that for the former series, the spiral diameter was made 
fairly large (12 mm.), and only a few turns were used ; for the latter scries, 
the grid was placed as close as possible, anrl was tightly wound. Leads (of 
special sealing wire) were glass (*overed and insulation was ensured by glass 
spacers. The object of the grid is, of course, to provide a long y>ath in which 
the electrons can collide after gaining their energy. The ideal grid wtnild let 
through all the electrons accelerated to the velocity corresponding to the grid 
yiotential without any having suffered collision. Our two experimental grids 
can be specified as (a) letting through most of the ehu trons, but many collisions 
take place before the total energy is acquired. Thus definiteness is lost, but 
there is still a great improvement over the diode. The total emission is in 
this case the controlling factor, (b) The second grid captures a large fraction 
of the electrons, but most of the collisions occur outside it, hence the grid-anode 
current is effective, and is not too high at high temperatures. 

With grid (a) the total emission kept constant with very little change in 
temperature over a wide pressure range. The total reaction and surface 
reaKition rates were also constant. 

With grid (b) the temperature had to be lowered to keep the emission constant 
as the pressure decreased. Thus, both total and surface rates decreased for 
a constant emission and corresponding values could be obtained. 

In fig. 3 are shown a few specimen runs of the type (a). The methorl adopted 
was to take readings with the voltage on, and then several more at the same 
temperature with voltage off, and then continue with voltage on. The surface 
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action, which tuay be given the ayuibol S {i.e., the reaction with the voltage 
off) was,' of course, larger for the lower voltages, as the emission was kepc 



Fia, 3,—On the loft, pwwsuro decroasofi without an anode. OroHaos roprostmt h^^drogen 
alone. In both sets of curvoa, circles roprosont a mixtiiro of Hj 70 per cent, and 
N| 30 per cent. On the right, total emisHion *— 0‘11B milliainp. The potential waa 
taken off in the middle of each run. 

constant throughout. The difference between the total reaction and surface 
reaction rates, i.c., that due to excited hydrogen atoms in the bulk jdiase, 
which we may designate as H, and that dtie to nitrogen ions, which we may 
term N, the total bulk velocity being thus H + N is plotted against voltage 
in fig. 6 (6). Owing to the greater ini{K)rtance of the atom reaction at the 
lower voltages (liuc to the somewhat higher tennHiiuttircs unav«)idably used), 
the curve does not represent the rate of reaction as a function of voltage quanti¬ 
tatively, but it suffices Uy give the breaks. 

The rates plotted in fig. 4 were found by method (6). Readings were taken 
as quickly as possible, alternately with voltage on and voltage off. On again 
applying the potential the temperature had to be lowered to keep the grid- 
anode current the same, and consequently both rates decreased. It will be 
seen from the figure that there was a definite total reaction for no surface 
redaction at the higher voltages. This represents the reaction without atoms, 
«.e., due to molecular ions, but the accuracy was not great enough to use these 
intercepts as values of the true ionic bulk reaction. The gradients, less the 
gradient unity, for surface reaction alone are plotted on the upper curve, 
fig- fi (^)- ^ voltages, curves such as those in fig. 4 (a) were obtained 

for four or five values of the plate current. The gradients are plotted against 
the emiswon in fig. 4 (b). Over the range examined, the ratio of total reaction 
rate to surface reaction rate increased uniformly with the emission, as wouhl 
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be expected on the view that the surface reaction depends on the number of 
hydrogen atoms, and the larger part of the total reaction apart from surface 
depends on the number of atoms activated by electrons. 



Fig. 4. —The rates are in thousandths mm. per minute, (a) Shows relation between 
reaction rate with voltage on (S -f H -j* N) and reaction rate with voltage off (S). 
Partial emission = 0-116 milliamp.; (6) shows the proportionality of H/S to emission 
the gradients of curves, i.e. (H -j- S}/S, such as those in (a), being plotted for different 
values of the emission. 



Fig* 6.—the left are rates of decrease of pressure in mxu. minute with an oxide emitter. 
Fiiiission » 3* 10 miUiamps. Circles represent a 3U, + mixture, crosses represent 
hydrogen alone. The lower curve on the right is obtained from the gradients of nurves 
rimilar to those in fig. 3. The unit of rate of pressure fall is om--thousandth 
nim./minute. The upper curve represents H/S against potential. 


The Efficiency of Collieicns. 

The number of ammonia molecules frozen out divided by the number of 
electrons passed should give an indication of the electron efficiency. In dealing 
With the rates shown in figs. 3 and 5, the total emission is taken for reasons stated 
VOL. eXV.^A. 3 A 
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above; but since many electrons are captured by the grid without parting 
with their energy this will give a lower limit to the electron efficiency. 

If each electron causes the freezing out of n ammonia molecules a current of 

Ojmilliamps. means the removal of ^ X 60 x 10~* molecules per minute. The 

decrease of pressure is that due to twice this number of molecules since four 
hydrogen and nitrogen molecules produce two molecules of ammonia. If 
V is the volume of gas under experimental conditions corrected to O’’ G. and N 

22400 

the Avogadro number, N molecules produce a pressure of —— X 760 mm. 

Hence,120 X10“*^ produce a pressure 1-2 x2-24 x7-6 Patting 

in c = 1-591 xl0-*» and N = 6-062 xl0» and V = 676 c.c. (found by 
admitting a known volume of gas at known temperature and pressure to the 
reaction system under experimental conditions of temperatme), we obtain 
a rate of decrease of pressure = 3-68 x 10~® nC mm./minute. For a current 
of 0-116 ma., the rate is equal to 4-27 X 10“* n mm./minute. From fig. 6, 
at 25 V, we find a rate = 1 - 0 X 10"* mm./minute, so that n — 0-235. 

Dushman* gives the following values for the mean free paths of hydrogen 
and nitrogen molecules. 

H. 192 mm.^ „ 

•»T* 0-75 X 10"* mm. and 25 C. 

N« 100 mm.J 


The radius of the anode is 24 mm. Since the mean free path is inversely 
proportional to pressure, assuming the electronic mean free path to be 4V^2 times 
that of the gas (Maxwell), the electron will just collide if the pressure is 

t!!^.^.?9?X0-76 XlO"* 


or 0-018 mm. in nitrogen and about 0-034 mm. in hydrogen. The total 
pressure at which the straight lines in fig. 3 were obtained varied from 
0-2 mm. to 0-05 nun. It would, therefore, be thought that each electron 
suffered at least one collision. 

It was shown, however, by Compton and Van Voorhisf that the efficiency 
of electron collisions to produce positive molecular ions is small, being about 
0-10 in H, and 0-065 in Ng at 25 V. Putting in these ffictors brings the 
hydrogen pressure up to 0-34 mm. and the nitn^en pressure up to 0-33 mm. 

• "High Vacuum” (1922). 
t ‘ Phys. Rev.,’ vol. 26. p. 436 (1925). 
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These pressures were too high to use in practice. There is, however, a general 
agreement between the reaction rate and rate of production of and 

As regards the atom reaction, much larger rates were obscrveii. Pig. 4 
shows rates of 5 X 10~^ mm. per minute for 0*116 ma. This indicates that 
H atoms are much more easily activated than the molecules, and {)oints to the 
H excited atom as being the chief factor in the reaction. 

The Mechanism of the 'Reaction. 

As regards the reaction at no voltage, it has been shown to take place only in 
the presence of hydrogen atoms and a metal surface. The reaction is thus in all 
probability a catalytic action at the metal surface between adsorbed hydrogen 
atoms and nitrogen molecules. Now, the critical radiation and ionisation 
potentials of hydrogen and nitrogen adsorbed on Fe, Ni, Cu and Pt surfaces 
have been measured by Gauger,* Wolfenden,t and Kistiakowsky.J The 
critical potentials found, 11 *4 and 13*4 V for hydrogen and 11 V for nitrogen, 
have been attributed by them and by Taylor§ to hydrogen and nitrogen atoms 
produced by dissociation on active patches of the metal catalyst. Gauger, 
however, used a tungsten filament, and although later workers used oxide- 
coated platinum, the possibility of hydrogen atoms being furnished in sufficient 
quantity by dissociation at the hot filament was not entirely precluded. 
Granting that dissociation may occur to a slight extent at the cold metal surfaces, 
we have satisfied ourselves that nitrogen with the high heat of dissociation of 
not less than 160,000 calories could not be dissociated at nearly a sufficient 
rate to produce the high rates of reaction observed. 

As regards the additional reaction beginning at 13 V, it has been shown to 
depend on the presence of hydrogen atoms, and can proceed in the bulk. It is, 
therefore, between H' and Ng or H and N,'. The evidence is greatly in favour 
of First, the hydrogen atom is known to have critical potentials at about 
13 y. Again, the high collision efficiencies mentioned in the section above show 
that the activation is not likely to be that of Ng, particularly as atoms are known 
to be activated by electrons much more readily than molecules. It may be noted 
here that electrons do not readily dissociate molecular hydrogen although the 
heat of dissociation corresponds only to about 4 V. The direct evidence in 

* * J. Am. Ohem. Soo.,* vol. 46, p. 674 (1624). 

t ‘ Roy. Boo. Pioo.; vol. 110, p. 464 (1626). 

t ' J. Phyg. Chem.,' vol. 30, p. 1356 (1626). 

s ‘Roy. Boo. Froo.,’ vol. 118, p. 77 (1626). ‘ J. Phys. Chem.,' vol. 30, p. 146 (1626). 
«J. Am. Chem. Boo.,* voL 48, p. 2,840 (1626). 

8 ▲ S 
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favour of H' rather than is contained in the results of Hirst and Willey 
and Rideal, above mentioned. In the former case, there were present hydrogen 
atoms (by the Cario-Franck method), nitrogen and a mercury surface. In the 
second case “active hydrogen,” formed by Wood’s method was mixed with 
ordinary nitrogen. The “ active hydrogen ” from the arc would, undoubtedly, 
contain H' owing to the high potential employed. It is only necessary to 
postulate that the life of the species is sufficiently large for a small amount to 
reach the mixing tube from the discharge to account for the production of 
ammonia by a reaction between and N 2 . 

Turning to the reaction as a whole the lower curve in fig. 5 shows breaks 
at 13 V, 17 V, 23 V, 30 V and a slight break at 34 V. Under the same 
conditions the ionisation curve for nitrogen showed breaks at about 17 V 
and 23 V. There is a general resemblance (except for the 13 V point) to 
Storch and Olson’s curve. The probable explanation is that the following 
species are chemically reactive :— 

13 V H' 

17 V N,+ 

23 V N+ 

The other breaks are probably due to combinations of the above, i.e., 

30 V = 13 + 17 
34 V = 2 X 17 

The absence of higher breaks is explained by the fact that the pressures were 
too low for many double efficient collisions. The upper curve of fig. 5 represents 
the ratio of bulk to surface action. The total rate, apart from a small ionic 
reaction for no surface action, i.e., when the filament produced no hydrogen 
atoms, is proportional to the rate of surface action and to the emission (fig. 4). 
It, therefore, depends on the number of H' atoms. It was surprising to find 
a small break at 16 V. The other (23 V-26 V) is jwobably a combination of 
a rise at 23 V (due to N'*') and at 25 V (12 + I3> since the original jumps are 
at 12 V and 16 V instead of 13 V and 17 V—^the corrections for initial velocity, 
etc., are larger in these experiments owing to the higher temperatures). The 
absence of higher breaks is again explained by the choice of pressure range. 

Some indication as to the mechanism by which at 17 V and at 23 V 
form ammonia can be obtained from the curves fig. 4. We note that the 
total reaction may be considered to be composed of the following, a surface 
reaction of velocity S, an excited hydrogen atom bulk reaction of velocity H 
and a third reaction due to Kg*** at 17 vedts of,velocity N. The total velocity 
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is thus S + H + N plotted against the surface velocity S. The bulk reactions 
have been shown to be independent of the pressure over a wide range ; hence 
if the N 2 '^ reacted directly with hydrogen molecules to form ammonia the curve 
for 19 V should be parallel to the 13 V curve cutting off an intercept on the 
axis. If the Nj'*' reacts with hydrogen molecules to form hydrogen atoms 
then both the surface and bulk reactions should increase proportionately, 
and the slope of the 19 V curve should again be the same as the 13 V curve, 
but both should pass through the same point on the axis. It will be noted, 
however, that neither of these conditions is fulfilled since the slope of the line 
at 19 volts is distinctly greater than that at 13 volts, indicating an increase 
in the H concentration. This may be achieved in two ways, either from 
hydrogen molecules by the reaction— 

N,+ 4-«— 

Nj' + Hj-^Nj + H + H' 

a reaction which can be shown to take place by ammonia synthesis with an 
oxide emitter at low temperatures; or from hydrogen atoms by the reaction— 

Nj+ + e—..N,' 

N,+ H—^H'H-NjorNjH. 

The main reaction between H' and N| probably proceeds in the following 
steps— 

N,H + Hj = N,H, + H 

N,H, + H, = N,H4 

NtH4+H, = 2NH, 


The observation by Storch and Olson that thinner filaments gave an increased 
yield of ammonia probably shows that hydrogen atoms were equally important 
in their experiments with low>voltage arcs. It is true that they showed one 
result in which a thinner filament at slightly lower temperature gave a greater 
rate for the same emission and potential. But they were only able to measure 
the aosfd^ temperature by means of heating current and voltage drop across 
tile filament; and ance the filament had been allowed to thin, it may be 
aiggested that a small part of the filament was thinner and hotter than the 
nst (a well'known property of tungsten) and was thus producing more hydrogen 
atoms. 
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Summary. 

The various possible mechanisms for the production of ammonia in a nitrogen 
hydrogen mixture by means of thermions have been investigated in detail. 
It is shown that synthesis can occur due to the following reactions— 

Ni + H at the surface of platinum or nickel. 

N, + ia the bulk at 13 volts. 

The following molecular species are shown to be chemically reactive— 

N,'*' in the bulk at 17 volts, 
in the bulk at 23 volts, 

and possible modes of mechanism involving Kj' and H' are elaborated. 

Our thanks are due to Prof. T. M. Lowry, F.R.S., who communicated 
this paper, and to Messrs. Brunner Mond and Co., for providing a grant to 
defray part of the cost of the apparatus employed. 


A Contnbutiofi to the Mathematical Theory of Ejndemics. 

By W. 0. Kkrmack and A. 0. McKkndrick. 

(Communicated by Sir Gilbert Walker, F.R.S.—Received May 13,1927.) 

(From the Lsboratoiy of the Royal Ck>llege of Physicians, Edinburgh.) 

Introdudion. 

(1) One of the most striking features in the study of epidemics is the difficulty 
of finding a causal factor which appears to be adequate to account for the 
magnitude of the frequent epidemics of disease which visit almost every popula¬ 
tion. It was with a view to obtaining more insight regarding the effects of the 
various factors whidt govern the spread of contagious epidemics that the present 
investigation was undertaken. Reference may here be made to the work of Ross 
and Hudson (1915-17) in which the same intoblem is attacked. The problem is 
here carried to a further stage, and it is considered from a point of view which 
is in one sense more general. The problem may be summarised as follows: 
One (or more) infected person is introduced into a community of individuals, 
more or less susceptible to the disease in question. The disease spreads from 
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the affected to the tinaffected by contact infection. Each infected person runs 
through the course of his sickiless, and finally is removed from the number of 
those who are sick, by recovery or by death. The chances of recovery or death 
vary from day to day during the course of his illness. The chances that the 
affected may convey infection to the unaffected are likewise dependent upon 
the stage of the sickness. As the epidemic spreads, the number of unaffected 
members of the community becomes reduced. Since the course of an epidemic 
is short compared with the life of an individual, the population may be con¬ 
sidered as remaining constant, except in as far as it is modified by deaths due 
to the epidemic disease itself. In the course of time the epidemic may come to 
an end. One of the most important probems in epidemiology is to ascertain 
whether this termination occurs only when no susceptible individuals are 
left, or whether the interplay of the various factors of infectivity, recovery and 
mortality, may result in termination, whilst many susceptible individuals are 
still present in the unaffected population. 

It is difficult to treat this problem in its most general aspect. In the present 
communication discussion will be limited to the case in which all members of 
the community are initially equally susceptible to the disease, and it will be 
further assumed that complete immunity is conferred by a single infection. 

It will be shown in the sequel that with these reservations, the course of an 
epidemic is not necessarily terminated by the exhaustion of the susceptible 
members of the community. It will appear that for each particular set of 
infectivity, recovery and death rates, there exists a critical or threshold density 
of population. If the actual population density be equal to (or below) this 
threshold value the introduction of one (or more) infected person does not give 
give rise to an epidemic, whereas if the population be only slightly more dense 
a small epidemic occurs. It will appear also that the size of the epidemic 
increases rapidly as the threshold density is exceeded, and in such a manner that 
the greater the population density at the beginning of the epidemic, the smaller 
will it be at the end of the epidemic. In such a case the epidemic continues 
to increase so long as the density of the unaffected population is greater than 
the threshold density, but when this critical point is approximately reached 
the epidemic begins to wane,.and ultimately to die out. This point may be 
reached when only a small proportion of the susceptible members of the com¬ 
munity have been affected. 

Two of the reasons commonly put forward as accounting for the termination 
of an epidemic, are (1) that the susceptible individuals have all been removed, 
and (2) that during the course of the epidemic the virulence of the causative 
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organism has gradually decreased. It would appear from the above results 
that neither of these inferences can bo drawn, but that the termination of an 
epidemic may result from a particular relation between the population density, 
and the infectivity, recovery, and death rates. 

Further, if one considers two populations identical in respect of their densities, 
their recovery and death rates, but differing in respect of their infectivity rates, 
it will appear that epidemics in the population with the higher infectivity rate 
may lie great as compared with those in the population with the lower infec¬ 
tivity rate, especially if the density of the former population is in the neighbour¬ 
hood of the threshold value. If, then, the density of a particular population 
is normally very close to its threshold density it will be comparatively free from 
epidemic, but if this state is upset, either by a slight increase in population 
density, or by a slight increase in the infectivity rate, a large epidemic may 
break out. Such great sensitiveness of the magnitude of the epidemic with 
respect to these two factors, may help to account for the apparently sporadic 
occurrence of large epidemics, from very little apparent cause. Further, it 
will appear that a similar state of affairs holds with respect to diseases which 
are transmitted through an intermediate host. In this case the product of the 
two population densities is the determining factor, and no epidemic can occur 
when the product falls below a certain threshold value. 

General Theory. 

(2) We shall first consider the equations which arise when the time is divided 
into a number of separate intervals, and infections are supposed to take place 
only at the instant of passing from one interval to the next, and not during the 
interval itself. We shall take the nze of this interval, which at present may be 
consider^ constant, as the unit of time, and we shall denote the number of 
individuals in unit area at the time ( who have been infected for 6 intervals by 

I 

«(f. The total number who are ill at this interval f is £ V|«, which we shall 

«>o 

call y%. It should be noted that V(,o denotes the number of individuals at the 
time t who are at the beginning of their infection. Also we shall use the symbol 
Vi to denote the number who actually undergo the process of infection during 
the transition from the interval t — 1, to the interval t. In general V|,o » vt 
except at the origin, where we assume that a certain number oi the popula¬ 
tion have just been infected, although this infection is naturally dependent on 
some process outside that defined by the equations which we shall develop. 
Thus 


00.0 = »0 + yo- 


(1) 



703 


Mathematical Theory of Epidemics. 
The whole process is indicated in the following schema:— 


Fresh 
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Vo 
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The arrows indicate the course followed by each individual until he recovers 
or dies. 

If denotes the rate of removal, that is to say it is the sum of the recovery 
and death rates, then the number who are removed from each 0 group at the end 
of the interval t is and this is clearly equal to 
Thus 

»«.» = —D) 

= (1 - + (0 - 1 ) (1 - + (0 - 2 )) 

— ( 2 ) 

where B« is the product (1 — (0 — 1)) (1 — (0 — 2))... (1— ij>(0)). 

Now Vf denotes the number of persons in iinit area who became infected at 

I 

the interval t, and this must be equal to X| where x$ denotes the number 

of indi^duals still unaffected, and ^ is the rate of infectivity at age 0. (It is 
indifferent whether we include the term ^ Vf.o or not, since in this paper we 
assume that ^ is sero, that is tiiat an individual is not infective at the moment 
of infection.) This follows since the chance of an infection is proportional to 
the number of infected on the one hand, and to the number not yet infected 
on the other. 

It is clear that 

I 

®i = N — L 
0 

= N —So, —jfo. (3) 

0 

where N is the initial population density. 

If Zf denotes the number who have been removed by recovery and death, 
then 

4- = N. (4) 
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Thus we have 


I f 

= *, S = *< S (by 2) 


= aii (E (by 1), 


where A« is written for 
Also 


By definition 


< I 

>/i = E ««.« = E BiV(.« + 
0 0 


— 0, = x,+i — 


hence equation (6) may be written 


»i -»«+! = »«(S A^t-» + A^o). (8) 

Also tf+i — it is the number of persons who are removed at the end of the 

( t 

interval of time t, and this is equal to E^** Vu *• to E^« B« Vf^t + yot 


hence writing C« for i}** we have 


Zn-i — h — E CfOi-t + Cjjfo* (2) 

Also by (4) 

y»+i y* ~ *1 A«t>j_» + Ajyo] “ [S C^i_« *1* C^yo]. (10) 

(3) If now we allow the subdivirions of time to increase in number so that 
each interval becomes very small, then in the limit the above equations 
(4, 7, 8, 9) become 

*1 + y* + *« = N. (11) 


«_^ 

W' 


and from (6) 


where 


~ AfVt^dB + Atjto 

|« = £c,r,_,d0 + Cd^o, 

yi = j* B«ri_|({6 + Bjjto, 




9 = ^«B#9 ftnd C* ~ 

It can, however, be shown that these five relations are not independent and 
in fact that (11) is a necessary consequence of (13), (14) and (15). The four 
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independent relations (12), (13), (14) and (16) determine the four functions x, y, 
z and V. 

By equation (13), dropping the suflBx i except when necessary in the analysis. 



where x in the integral is now a function of 0. 
Therefore 


where 


d loffx 


dl 


— 


— X® 

0 Jo 


dO 


dO — A,yo, 


= AoXt — AfXo + j* x»A'j.«dO — 


A' 






dAf. A 

dO • 


But Ao ^ ^Bo = ^ = 0^ since we assume that an individual at the moment of 
becoming infected cannot transmit infection. 

Hence 



We have not been able to solve this equation in such a way as to give x in 
terms of < as an explicit function. It may, however, be pointed out that this is 
an integral equation similar to Volterra’s equation 

/(() = ^«)+£n«, 6)^(0) dO, 

except that in place of/(t) we have ^ 

at 

(4) If we ctmaider an equation of the form 

- A, + xJ‘n(/, 0) x(e)i0. 
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of which the above equation is a particular example, it would appear that a 
solution can be arrived at by a series of successive approximations in a way 
similar to the method used in resolving Volteira's equation. 

We may write 

® —/o (0+^/i (0+W + «tc. 

It is easily seen that after substitutii^ this expression in the equation 

^ = »[^A, + x£N«.e)x(e)de], 

and equating the coefficients of the powers of X, we obtain 


e)/o(e)ie +/,-*(<) 0)A(0)d0 

+ ... +/o(0|‘n(<, 0)/,-i(6)d6 

= L,_j{<) say. 

This is a differential equation for /,(<) of which the solution is 
/* j + constant, 

where Lh_i (t) is a function of the/’s. 

Also /a (0) is zero (n>0), since the initial conditions are presumably inde' 
pendent of X. Hence the constants of integration are all zero except /o(0). 
In the case of this function we have 

^ »/.WA„ 

whence 

/o«)=»/o(0)/®*", 

80that/o(0) = Xo- 

We thus have for the solution of the integral equation, 

where E| is written for exp. j* A|(ft; and when X = 1 


(17) 
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(5) Retuiniiig to equation (16) let us consider it in the rather more general 
form 

Multiplying both sides by e~*' where the real part of s is positive, and 
integrating with respect to t between the limits zero and infinity, we have 

I =|** + j e“‘‘| d6A, 

therefore 

— log *0 + f log X dt = F (z) + [ e“**Q« d0 [ e~*‘xt dt, 

Jo Jo Jo 

= F (z) + Fi(z) [ e~^x,dt, 


where F(z) is written for 


[ and Fi(z) for I e“**Q»rf0. Clearly 

Jo Jo 

e~*^ log X tends to zero as t tends to infinity, whilst x never exceeds the 

initial value N — y^. 

Thus 

e”*' (z log X — Fi (z) x) (ft = F (z) + log xq. (18) 




It will be seen that this is an equation of the form 

r^(x,z)(i»(z,l)(ft = x(*). (19) 

Jo 

where the functions and x are known, and x is a function of t. i may have 
any value provided that its real port is positive. It follows that the formal 
solution obtained in the previous paragraph, equation (17), must satisfy this 
equation (19). If ^ (x, z) had not contained z explicitly equation (19) would be 
of Fredholm’s first type. From this point of view the above equation may be 
regarded as a generalisation of Fredholm’s equation of the first type. 

(6) Let us now integrate equation (13) with respect to t, between the limits 
zero and infinity. 

We have 

f As»...i0(ft + yorA,<ft, 

Jo A Jo Jo Jo 

log—Asdof Vi dt + jto P A| (ft. 
x. Jo Jo Jo 


hence 
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If we put A for [ and use the relation f Viit= — [ '^dt = XQ~ '. 
Jo Jo Jo 


we have 


= A(xo - xj + Ayo = A(N - *.). 


Let 118 introduce the value p =—P proportion of the 

poinilation who become infected during the epidemic. 

Then = N (1 — p) 
and 

- log JLlE = ANp. (20) 

l_go 

N 


This equation determines the size of the epidemic in terms of A, N, and yo» 
and we shall make use of it later. 

If we treat equation (15) in a similar manner, we obtain the relation 

Thus I B«dO is the average case duration. 

(7) Finally the observational data are given in terms of x, y and z, though 
in particular instances the information may be incomplete. The problem may 
arise of obtaining A« and B« as functions of 6, and thus of acquiring knowledge 
regarding ^ and <{>«, the infectivity and removal rates. 

In equation (13) V( and d log xldt are known functions of t and so the equation 
is of the tyx>e discussed by Fock (1924). We diall apply his method to obtain 
the solution of this and similar equations. 

By equation (13) 

- = fe-'f A,«,.,de* + yor«''*Ai*, 

Jo dt Jo Jo Jo 

= [ e"*®A#d6[ + 

Jo Jo Jo 


therefore 
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■and we shall denote this last expression hy the symbol Fg (z) 
whence 

A« = -^ [ e*‘Ea (z) dz. (21a) 

By equation (15) 

= j'e-" 

whence 

I e-%ik 

- ( 22 ) 

“ yo+f 

Jo 

w^ shall denote this last expression by Fj (z), and so 

B, = ^| e--'F,(z)dt. (22 a) 

2 roJ« ,, 

Equations (21a) and (22a) give and B« in terms of the observable data. 

If F] (z) and F 3 (z) can be expressed as rational functions of z, then in place 
of Laplace’s transformalion we can use the simpler solution given in the next 
section. 

Spbcial Casks. 


A .—The earlier stages of an epidemic in a large popukaion. 

( 8 ) During the early stages of an epidemic in a large population, the number 
of unaffected persons may be considered to be constant, since any alteration is 
small in comparison with the total numb». Eqiution (13) becomes 


dx 




AfV|_f d6 -|~ 



where N is this constant population per unit area. 
Using Fook’s method 






1 -N 




and we shall denote this by F 4 (z). 
Thus 


(23) 


2jw 


(23a) 
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Making use of equation (16) we have sinularly 


Jo Jo Jo Jo 

= I c"**B«d6+yo| 

Nyo f e“’*B|A . 

=- ^ -=5-^2-+ yJ e-%dt, 

1-NJ c-“A,* J® 

yof e"*‘Bi* 

Jo _ 

1 - n£ e-‘A,A 


which wc shall call Fg (;). 
Thus 


y, = -L f (*) dz. (24a> 

Further we may find the integral equation for yt as follows:— 

yi = |*B,_,t),i0 + B,yo. 

= N + ^‘yo' 

= N [ B(_# [ A^^gVg dz + Nyo f dQ + Biyo» 

Jo Jo Jo 

= N [ [ B0^gV,dzd9 + Nyo [ At^eBsdQ + Biyo> 

Jo Jo Jo 

== N j* Ai^$ (yo — Boyo + B«yo) d9 + B^yo, 

= N|‘A,_4„d0 + B,yo. (28) 

It ia easy to show that by solving this directly we obtain the solution (24)* 

In a pravioos oommunioationi MoKendrick (1225-26)» these solutionB were given in a 
■omewhat different form. The equation for was given as 

I* 
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%Q ■■ 


1 frt+i* 

' 2 IS j 


No 






■ • de. 




It woe remarked that had a singularity at the x>oint i 0. In the present dis¬ 
cussion we regard the original infections as occurring at the very beginning of the epidemic 
but in such a way iwi to be independent of the equations wliich define the opidt'inic proper. 
Thus t>i,o Vi except in the short interval of time 0 to c. and during this interval tlie 

integral equation does not hold, but instead | is equal to yo. 

Thus 

%Q == Vt,0 — 


At-e Ufl dd + Aii 0 dd, where 0 < f' < r, 
Ai^eVedO -H A<yy. 


Thus the integral e(|uation previously given for rt, 0 implies the o<piation now given for 
The solution previously given may bo written in the form 


\ ra-lioB 


where 

F(*) 

In the new form 


« 

Jc 


Jh. 


d« 


let U8 denote thie by 


1—A’ 


*'*<*) = -*'• +A = 1^’ 


which is the same as in equation ( 23 ) when one notes that in the former discussion the 
function A was taken as including N. Now if Vt has no singularities, the Laplocian solution 
of F4 (z) is a function with no singularities and so the Laplaoian of f/o corresponds to the 

1 

singularity. It is easy to see that the Laplacian solution I ^ (— y,)ds corresponds 

to a function ^(i) such that f (£)df = — yo» Now if (0 is zero from « to oo, and 

’ f* 

becomes infinite at the origin in such a way that I ^{t)dt tends to as c tends to zero, 

^ erf(—yo)dz 

may be taken as repreeenting a function with exactly the same properties as 

That is to say it is tero from f to oo and =" “ Vo* when c becomes very 

Mile 
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These values of Vf and constitute the general solution of the problem in the 
case where N is considered as remaining constant, if A« and B*, or and tj;* 
are given. 

We can as before rt'adiJy obtain the values A« and from observed values 
of V, and tft, and wo find 


A,_ L 

/■«+»« 

J 

fo 

**«(<& 

27ii. 

Nyo + Nj 

0 


(26) 


and 



(27) 


For the aritlimcticiil solution of the integral equatiotis the reader is referred 
to Whittaker (‘ Roy. Soc. Proc.,’ A, vol. 94, p. 367, 1918). 

(9) It will be observed that solutions (21, 22, 23, 24, 26, 27) depend upon an 

equation of the type | c"**^ {t) df = F (?) whose solution can be expressed by 
the use of Laplace’s transformation. 

If F( 2 ) can be expressed as a rational function of the form ^^*44 where 

+«(*) 

and are polynomials of degree n and m respectively, and » is less than m, 

then it is always possible to express F(s) in the form SS where r and a 

vary from unity to a and 6 respectively, dnd a and b have finite values. 

But 

hence a solution of 

.'o («-«,)* 

is given by 

^ (^) = S2: ; aee Fock (too. cU.). (28) 

(s —1)1 


B. Cenatant Ratea. 

(10) Much insight can be obtained as to the process by which epidemics in 
limited populations run their peculiar courses, and end in final extinction. 
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from the ooiudderation of the special case in which ^ and i]« are constants k 
and I respectively. 

In this case the equations arc 

dx 




ih 
di 


(29) 


and as before » + y -}- s ^ N. 
Thus 

dt 


dx 


__ - 


and ~ = — r -c, whence log — = j- since wc assiime that zo is zero. 
dz I X I 


Thus 




dl 


Since it is impossible from tliis c<£uatiou to obtuin z as an explicit function of 
wo may expand tho expunoutial term in powers of j and wo shall assume 

that ^ z is small compared with unity. 

» 

Thus 

But N — Xq ,Vo, where yo is small. It is for this reason that wo have to 
take into consideration the third term in as although j 2 ; is small compared 

with unity, its square may not be small as compared with — I jz. 

The solution of this equation is . 


where 


and 


^==tanh-‘l 


7*0 — 1 


-9 




3 B 2 



714 


W. 0. Kermack aud A. G. McKendrick. 


Also for the rate at which cases are removed by death or recovery which is the 
form in which many statistics are given 





The aocoznpanying ohtirt is based upon figures of deaths from plague in the island of 
Bombay over the period December 17, 1905, to July 21, 1006. The ordinate represents 
the number of deaths per week, and the abscissa denotes the time in weeks. Ah at least 
80 to 00 per cent, of the oases reported terminate fatally, the ordinate may be taken as 
approzimatdy representing dz/di as a function of f. The osloulated curve is drawn from 
the formula 


di 


8908eoh*(0*2<^3«i). 
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We are, in fact, assumin^^ that plague in man w a reflection of plague in rats, and that 
with respect to the rat (1), the uninferted population was uniformly susceptible ; (2) that 
all susceptible rats in the island had an equal chance of being infcctofl; (3) that the infec- 
tivity, recovery, and death rates were of constant value throughout the course of sickness 
of each rat; (4) that all oases ended fatally or became immune; and (5) that the flea 
population was so large that the condition approximated to one of contact infection. 
None of these assumptions are strictly fiillilled and consequently the numerical equation 
can only be a very rough approximation. A close fit is not to bo ex^iectod, and deductions 
as to the actual values of the various constants shouUl not tie drawn. It may be said, 
however, that the calculated curve, which implies that the rates did not vary during the 
period of the epidemic, conforms roughly to tlie observed figures. 


Furthor at tho end of the epidemic 


z 



(32) 


whero yo has benn neglected. This is obviously no limitation as y^, the initial 
number of infected cases is usually small as compared with x^. It is clear that 
when xo, which is identical with N if yo be neglected, is equal to 1/k, no epidemic 
can take place. If, however, N slightly exceeds this value then a small epidemic 

will occur, and if we write N — - its magnitude will be 



2 n — 


N 


In this sense the population density N, = - may be considerod as the threshold 

density of the population for an epidemic with these characteristics. No epi- 
demio con occur unless the population density exceeds this value, and if it does 
exceed the threshold value then the size of the epidemic will be, to a first approxi¬ 
mation, equal to 2n, that is to twice the excess (if n is small as compared with N). 
And so at the end of the epidemic the population density will bo just as far below 
the thrediold density, as initially it was above it. 

At first sight it appears peculiar that in such a homogeneous population 
the epidemic should at first increase and then diminish. The reason for this 
behaviour is roadQy appreciated when attention is focussed on the conditions 
obtaining when the epidemic is at its maximum. By equation (29) this occurs 

when ^ = 0, that is when « = i, or when the unaffected population has been 

reduced to its threshold value. Once the population is below tiiis value, any 
pazticulor infected individnal has more chance of being removed by recovery 
or by death than of becoming a source of farther infection, and so the epidemic 
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commenoes to decrease. Tn fact, as remarked above, in small epidemics the 
curve for y is symmetrical about the maximum. This symmetry exists for y 
as a function of t, and consequently also for dzidt, that is to say the curve of 
removal by recovery or by death. On the other hand no such symmetry is 

• • rfx • 

obtained in the curve of case incidence, that is of — — = Kxy. This is clear 

at 

since y is symmetrical and x « I**. 


C. Macinitude of small eyidomies in general ease. 


(11) We have seen that in the case last discussed, that is where the population 
is limited, and the characteristic rates are constants, a threshold value exists, 
such that no epidemic can arise if the density is below this value, whereas if 
the density be above it, the size of the epidemic is equal to twice the excess, 
provided that the excess be a small fraction of the threshold density. It is 
of importance to enquire how far a similar result is true in the general case 
where the characteristic rates vary during the conrse of the disease. 

We found that 


— log 



= ApN, 


( 20 ) 


where p is the proportion of the population infected during the epidemic, and 


We shall assume that f/o/N is small as compared with unity, and can be 
n^lected. 

It is clear that when p is greater than zero, — log (1— p) >p, hence ApN >p 
and consequently AN>1. 

That is to say for an epidemio to occur (that is for p to be greater than zero), 
N must be greater than 1/A. Writing No «1/A and N s No + » we have 


hence 




ApN 






• •• 
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or neglecting powers of p higher than the first 

,N = 2.|; = -i«(x+|.) = 2». OT 

approximately, as n/No may be neglected as compared with unity. 

A difficulty ocoun du« to the fact that i/o can have no value Icra Ihnn unity, ami ao j/o/N 
cannot bo made indeflnitoly amall. Tt appears, in fact, that under eertiiin conditions quite 
a number of cases might exsour at the threshold value, but these would be sporadic eases and 
would not constitute an epidemic in the true sense. The difficulty may be got over if we 
allow the unit of area to increase. Tf wo increasi' it k times then mcroases to «No and A 

becomes A/s, so that ANu does not cliange. C^n the other iiand Vo/^^o l>eeomes ?/n/ftKo* 
and although yg never bo less than unity, k can bo made indofifiitcly large, nTid so 
uiay ultimately be neglected as compared with unity. 

It thus appears that precisely the same result is arrived at in this case, as in 
the simpler case in which the rates were constants. There exists a threshold 
population whose density is equal to 1 /A, and when an epidemic occurs in a 
population of slightly higher density, its size is equal approximately to twice 
the excess. 

It will be seen that the more complex expression A now replaces the simpler 
fraction x/f. In fact, when the rates are constant 

A = f = It f = - 

Jo Jo t 

Reverting to equation (20) it is clear that p can never be equal to tuiity, as 
long as N is finite, so that an epidemic can never affect all the susceptible 
members of a limited population. Of course it has to be recognised that when 
the population has been reduced to small numbers the equations here given do 
not strictly hold. 

It may also be pointed out that the population density No = 1/A is only a 
threshold density with respect to initial importations of cases which have just 
been infected. That is to say the cases present at the commencement of the 
epidemic are assumed to be of the type and none ore of the types 
Og,!, Vg,,... Vg,,. It is this limitatioa which renders it impossible in the general 
case to identify the threshold population with the numlier who are still un¬ 
affected at the instant when the epidemic teaches its maximum, since at that 
instant many cases will certainly be not just commencing but will be of the type 
Vg,„ and 80 they cannot be treated as equivalent to those which wo have assumed 
to have been originally introduced. Nevertheless there seems little doubt 
that by analogy with the simpler case in which the rates were constants, the 
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point at whioli the epidemio reaches its maximum will, in general, oorreBpond 
approximately with the point at which the remaining unaffected population 
has been reduced to the threshold value. 

Another point of interest arising from equation (20) is in relation to variations 
in the infectivity rate. It will be seen that the effect of increasing the 
infectivity from to is to increase A to oA, and consequently the 
threshold value is reduced to Ng/a. 

Let a = 1 + p, where p is very small, so that p is the fractional increase in 
the infectivity. 


The new threshold is now 


Ng 


-Ng-pNg. 


Consequently the excess lieing 


now pNg, an epidemic of the size 2pNg is to be expected. Thus a small increase 
in the infectivity rate may cause a very marked epidemic in a population which 
would otherwise be bree from epidemic, provided that the population was 
previously at its threshold value. On the other hand, if the actual density was 
below the threshold, no epidemic could occur until the infectivity had been 
increased to such a degree as to make the threshold value less than the actual 
densily. 

(12) It is not difficult to extend these results to such diseases as malaria or 
plague, in which transmission is through an intermediate host. In this case 
using dashed letters for symbols referring to the intermediate host we have 


and 


whence 


and 


-1 A'.tr'.-.iO + AV. 



X A'pTI' 



ApN 


(34) 


(36) 


Neglecting yg/N and pg'/N' as before we have to a first approximation 
thus 

l + I^^AA'NN'-l. ‘ (S6) 
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Aa p and arc always positive where there is an epidemic, AA'NN' most be 
greater than I, or a true epidemic can occur only when AA'NN' is greater than 
unity. We thus see that there is no threshold in the sense used in the previous 
paragraph for either man or the intermediate host separately, but that there 
exists what may be called a threshold product 1/AA', and this must be exceeded 
by the product NN' in order that an epidemic may occur. 

Wo shall now suppose that the value of N' = Nn', and that N =s ■ ~ + « 

AA N„ 


where n is not very great compared with l/AA'N^', thus N = N„ + n. 

We observe that if the value N had been No, the situation would be such that 
no epidemic could arise. In fact, the product NN' would have been at its 
threshold value. If, however, N exceeds this value No by an amount n, and if 
we regard No as remaining fixed, then under this condition No corresponds to a 
threshold value in the former sense, and we are considering the case in which 
this threshold value is exceeded by n. 

Eliminating p' from the above equations we have to a first approximation 

_2n A'Nq' 


Nol + A'N„'’ 


(37) 


Three cases may be considered: 

(1) When No' is very small, p = 0, and a true epidemic will not occur. 

(2) When No' =* 1/A', pNo = n. 

'The size of the epidemic is here exactly equal to the excess and the result of 
the epidemic is to reduce the population to its threshold value. 

(3) When No' is very great, pNo = 2n, or to double the excess. 

In this case the size of the epidemic is tiie same as in the simple case previously 
considered. That this should be so is apparent, when we consider that the 
assumption that No' is very great, is equivalent to the assumption that the 
intermediate host is so plentiful that we are dealing with a condition which is 
practically identical with contact infection. 

Further reverting to equation (36) and multiplying both sides by NgNo' we 
have 

No'pNo + Nop'No' = 2NoNo'(AA'NN' - 1). 

We choose 


NoNo' = l/AA'=Wo, 


where Wq we have called above the threshold product. That is to say, 

when the populations are simultaneously No and Ng' there will be no epidemic. 
Then 


No'pNo + Nop'No' = 2 (NN' - NoN*') 

®!2(ic —«o). 



720 


W. O. Kermaok and A. G. McKendrick. 


where n is equal NN', and we suppose that k is greater than icq. Now let F and 
N' be the populations after the epidemic has terminated, and let n = 

Then 

It - ii = NN' - (N - AN) (N' - AN'), 

== NAN' + N'AN - AN AN', 

Ny'N' + N'jjN - J»N/N', 

- NN' ip + p'- pp'), 

= NoN„' {p + f — pp') + (NN' — N„No') (p + p' — pp'). 

If the excess of population is small so that NN' — N^Nq is small as compared 
with NqNo', wp can neglect the second term. Further, pp' can be neglected 
as compared with p or p', and therefore 

7t — it = NoNo' (p 4- J>') = 2 (7t — ito)* (-^8) 

That is to say, the difference between the values of the product of populations 
before and after the epidemic is twice the excess of the .product before the 
epidemic over the threshold product. This equation is exactly analogous to 
equation (33). Somewhat similar results have been previously obtained by 
one of us (McKendrick, 1912) in an analogous but slightly different problem. 

(13) These resiilts account in some measure for the frequency of occurrence 
of epidemics in populations whose density has been increased by the importation 
of unaffected individuals. They also emphasise the role played by contagious 
epidemics in the regulation of population densities. It is quite possible that in 
many regions of the world the actual density of a population may not be widely 
different from the threshold density with regard to some dominant contagious 
disease. Any increase above this threshold value would lead to a state of 
risk, and of instability. The longer the epidemic is withheld the greater will 
be the catastrophe, provided that the population continues to increase, and the 
threshold density remains unchanged. Such a prolonged delay may lead to 
almost complete extinction of the population. Similar results, though of a 
somewhat more complicated form, hold for epidemics transmitted through an 
intermediate host. In this case, in place of the threshold density we have to 
consider the thrediold product. 


1. A mathematical investigation has been made of the progress of an epidemic 
in a homogeneous population. It has been assomed that complete immunity is 
conferred by a single attack, and that an individual is not infective at the 
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moment at which he receives infection. With these reservations the problem 
has been investigated in its most general aspects, and the following conclusions 
have been arrived at. 

2 . In general a threshold density of population is found to exist, which 
depends upon the infectivity, recovery and death rates peculiar to the epidemic. 
No epidemic can occur if the population density is below this threshold value*. 

3. Small increases of the infectivity rate may lead to large e])idcmic8; also, 
if the population density slightly exec^ods its thr<*shold value the effect of an 
epidemic will be to reduce the density as far below the threshold value as initially 
it was above it. 

4. An epidemic, in general, eomes to an end, before the susceptible population 
has been exhausted. 

6 . Similar results are indicated for the case in which transmission is through 
an intermediate host. 
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